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The dual resonant response of long period fibre gratings (LPG) operating near the 
phase matching turning point to the deposition of nanostructured coatings is explored. 
A broad range of LPGs have been fabricated with grating periods ranging from 80m to 
180m, and these have been characterized with three different coating materials,-
tricosensoic acid, undecyl-calix[4]resorcarene and tert-butyl-calix[8]arene carboxylic 
acid. The dual resonant response has been exploited with the construction of an LPG 
based sensor coated with a quinolinium dye forming a pH sensor. The wavelength 
response of this device was measured with a sensitivity of -0.55pH/nm. 
Furthermore, length apodised phase shifted long period gratings have been 
characterized, and the effect on the dual resonant response has been recorded. Partial 
coating of this device has resulted in the observation of a bandgap feature in the 
wavelength response. 
The use of calixarenes as a functional coating for long period fibre gratings is also 
investigated. Calixarene is applied in a thin layer with a thickness of several hundred 
nm’s to the cladding of the fibre in the region containing the LPG sensor. The chemical 
sensing capabilities of a long period fibre grating sensor is presented for the detection 
of the volatile organic compounds; hexane, cyclohexane, benzene and toluene. The 
wavelength response was measured and the sensitivity to toluene vapour was 
recorded at 1600ppmv/nm. Using intensity detection of the central maxima in the 
wavelength response, the chemical selectivity is demonstrated showing sensitivity to 
toluene vapour over 13 times greater compared to hexane vapour. 
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CHAPTER 1: INTRODUCTION. 
1.1 DIFFRACTION GRATINGS IN OPTICAL FIBRE 
Newtona, Huygens, Young, Fresnel, Fraunhoffer, great names that have been 
associated with the observation and understanding of diffraction. This property of the 
wave nature of light can be seen in its purest form through a device known as the 
diffraction grating, which proves that light does not always travel in straight lines, 
Figure 1.1. The last two give their names to two forms of diffraction observed in the 
near field and far field respectively. The first gratings were constructed by Fraunhoffer, 
and consisted of two parallel screws with fine silver wires stretched between them, 
making a grating with a period of about 500m, equal to the pitch of the screws1. 
Fraunhoffer then used a mechanism that ruled gratings using a diamond point on glass 
and this technique was improved upon by Rowland, who achieved gratings with 
pitches ranging from ~1m to 0.25m
1. 
 
Figure 1.1 Diffraction demonstrated with a diffraction grating and a laser pointer. 
Light is bent as shown in the 1st order diffracted spot. 
The optical fibre has been developed since the 1950s and Charles Kao and George 
Hockham at STLb in 1966 proposed optical fibres as a practical medium for guiding light 
over long distances2. Optical fibres allow light to travel around corners and this is 
                                                                
a
 Diffraction as observed by the broadening of a shadow cast by a thin wire by light
16
 
b
 Standard Telecommunication Laboratories, Harlow, Essex, UK 
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demonstrated by the well known fibre optic lamp, Figure 1.2. Fibre optic cable has 
subsequently revolutionised data and voice communications.  
 
Figure 1.2 Light guided in a fibre optic lamp. Light is bent along the curved trajectory 
of each fibre in the bundle. 
In 1978, Ken Hill was the first to observe the effects of a diffraction grating in optical 
fibre3. The was a result of a standing wave pattern in the fibre that caused a 
permanent refractive index perturbation to be imprinted on the fibre core. Many years 
passed before these devices could be reproduced4. These devices have a pitch less 
than 1m, and the resulting Fibre Bragg Grating has been exploited in sensor 
applications for measuring temperature and strain17-20. Since the light is tightly guided 
by the core, this has a positive and negative aspect. The advantage is this insulates the 
device from unwanted effects from contact with the sensor. The disadvantage is that 
one is unable to make a sensor that responds to the microenvironment surrounding 
the fibre. 
1.2 LONG PERIOD FIBRE GRATINGS FOR SENSING 
Long period gratings (LPGs), which have a pitch of typically several hundred microns, 
couple light into the evanescent field surrounding the fibre, so that the light can 
interact with the surrounding environment5 6. Increasing the evanescent field at the 
surface of the fibre is necessary to achieve sensing. One way of doing this is by using a 
long period grating. Here, changes in the refractive index of the ambient environment 
surrounding the fibre can be detected. This concept extends also to detecting changes 
in a thin coating directly applied to the cladding and has significance as a useful 
method for the interrogation of optical thin films.  
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Long period fibre gratings have a step modulation of the cores refractive index in the 
longitudinal axis of the fibre, Figure 1.3. In this way the effects of a diffraction grating 
are reproduced. Narrow wavelength bands are coupled into the cladding, and this 
creates drop outs in the transmission response of the fibre that can be monitored. 
 
Figure 1.3 The long period grating. Coupling of light from the core to the cladding 
causes drop outs to appear in the transmitted spectrum7. 
The cladding modes interact with the change in the thickness or refractive index of the 
optical coating. Since the cladding is a waveguide, there are a discrete set of cladding 
modes that are supported in the cladding. With changes to the thickness or refractive 
index of the coating, one of the cladding modes can become partially guided by the 
optical coating. In this regime, the coupling of the cladding modes can experience a 
large change in wavelength and coupling strength. This corresponds to a large shift in 
wavelength or extinction ratio of the core modes attenuation bands. The wavelength 
or extinction ratio of the attenuation bands is monitored to perform sensing. 
1.3 SENSING OF VOLATILE ORGANIC COMPOUNDS 
Over the next forty years, the UK will be investing enormous sums of money in the 
deployment of low carbon power generation, accompanied with the development of 
the national grid. The carbon footprint extends to all forms of industrial activity, 
transport and domestic energy requirements. Carbon dioxide is the principal chemical 
species when considering greenhouse emissions and targets have been set in relation 
to this species alone. However, interest in the detection of the chemical species 
constituents in carbon emissions is sure to increase, especially if the legislation evolves 
in this direction.  
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Benzene and similar compounds can be emitted in car fuel exhaust systems. It has 
been reported that benzene and toluene are traffic associated volatile chemicals8. 
Already, analysis in the chemical species emissions from car exhaust gases has begun 
in the US.  
Consequently, development of detection systems for such species may attract 
research capital over the coming decade. The types of detectors that can be deployed 
in the field overcome the limitation requiring a sample to be taken back to the 
laboratory, and the need for skilled personnel and complex scientific instrumentation 
using one of the techniques of mass spectrometry, chromatography, nuclear magnetic 
resonance, X-ray and IR technology for analysis21 p570. 
In-situ environmental monitoring involves the detection of organic pollutants in the 
atmosphere and contaminants in water and soil at a low concentration. The detection 
of organic aromatic compounds like benzene and toluene, which are by-products of 
the petrochemical industry and fossil fuel systems, is important because of the health 
risks resulting from their toxicity.  
A study was conducted in Sweden of indoor house painters, investigating the negative 
health effects from exposure to volatile organic solvents.  The investigation found that 
this led to respiratory problems with inflammation of the airways11. The MSDSc states 
that a maximum exposure to toluene in the air is 500ppmv (1.88g/m3)12. At higher 
concentrations, a study reveals that changes to the bodies immune system occurs with 
exposure to concentrations above 19.2kppmv (72.5g/m3)13.  
These levels are far higher than would normally be measured in outdoor and indoor 
working environments. The outdoor air quality at a kindergarten site in Germany was 
monitored and pollution resulting from heavy traffic pollution was measured for 
toluene at a mean level of 0.0075ppmv (28.3g/m3)8. A study at a number of 
photocopier centres in Taiwan measured the indoor air quality. The results showed a 
level of toluene concentration in the air up to 3.85ppmv (14.5mg/m3)9. A further study 
of workers occupationally exposed to toluene showed an ambient air concentration for 
toluene of between 13ppmv (48.9mg/m3) to 151 ppmv (568mg/m3)10. 
Even so, there is also a need for gas detection in the monitoring of manufacturing 
processes and working environments since systems must be put in place that ensure 
the safe operating environment for employees. 
                                                                
c
 MSDS Material Safety Data Sheet 
5 
 
1.4 THESIS OBJECTIVES 
Fundamental investigative work has been undertaken on long period fibre gratings 
operating at the phase matching turning point, also known as dual resonance. This has 
been achieved by controlling the grating pitch of the device to the region of 80m to 
180m. The practical implications are that it will extend the performance envelope of 
long period gratings in terms of their sensitivity when deployed as sensors.  
The exploitation of the phase matching turning point for long period grating sensors 
has not been reported widely. The closest reported to the work here is a biosensor 
using a long period grating with pitch of ~147m, operating at the phase matching 
turning point. A polymer material was deposited using electrostatic self assembly, 
which responded to the concentration of streptavidin14. 
Furthermore, a long period grating with length apodised phase shifts has been 
investigated, giving for us unique results when used in conjunction with dual 
resonance. This work is of a practical nature requiring the fabrication of LPG sensors by 
UV exposure using the point by point technique, and coating the sensors using a 
Langmuir-Blodgett trough.  
Another of the objectives of this work was to characterise different coating materials 
that became available for such sensors, especially in terms of species selectivity. These 
novel materials are calixarenes, which are nanoporous with pore sizes in the range 1-
3nm, and selectively absorb organic molecules. The investigation procedure adopted 
here used the technique of injection of a volatile liquid into a chamber with the 
formation of vapour during its evaporation. With reference to the previous section, 
this technique allowed for toluene vapour concentrations from 3060ppmv (11.6g/m3) 
up to 61200ppmv (231g/m3) to be investigated. 
The use of calixarenes as a functional coating for long period gratings has not been 
reported before. Calixarenes have been deposited on to the detectors of other sensor 
types, (e.g. SPRd and QCMe) but have not been deposited on fibre optic long period 
grating sensors. The closest identified in the literature deposits a calix[4]arene crown 
ether onto a Bragg reflector fabricated using an integrated optical device. A single 
monolayer is deposited and the functional group is not the calixarene moiety but is the 
crown ether which selectively absorbs potassium cations, and a change in wavelength 
of the reflection band is observed15. 
                                                                
d
 Surface Plasmon Resonance 
e
 Quartz Crystal Microbalance 
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Overall, this work therefore has been aimed at fabricating and characterizing fibre 
optic LPG chemical sensors, leading to low cost, chemically selective, reversible sensors 
which are stable under ambient conditions. The target analytes are benzene, toluene, 
hexane and cyclohexane, which constitute important chemical species when 
considering environmental pollution from petrochemicals. The results arising from this 
work on the species selectivity of the coatings and on dual resonance have been 
published at conferences and in journals, see the list of publications at the start of the 
thesis. 
1.5 THESIS LAYOUT 
The following chapter gives a description of the physics of long period gratings and the 
changes in their behaviour that occurs when a thin film is coated onto a cladding of the 
fibre.  
Chapter three reports on three techniques for applying coatings to long period 
gratings, and reviews some topics in chemical sensing that have been reported in 
regard to these devices. 
The next chapter, chapter four, describes the experimental apparatus used throughout 
the experimental sections of the thesis.  
Chapter five gives an experimental investigation into the response of two long period 
gratings operating near the phase matching turning point. A pH sensing application is 
reported. 
The next chapter, chapter six, is a systematic look at four long period gratings with 
differing periods between 80m and 180m, each coated with three different 
materials each with a unique refractive index. Some conclusions are drawn from the 
trends that are observed. 
Chapter seven extends the performance of the device by looking at the effect of 
introducing phase shifts into the long period grating. The twin rejection bands that 
arise are investigated at the phase matching turning point. Partial coating of this 
device has led to some unique results. 
Chapter eight explores the chemical sensing capabilities of long period gratings coated 
with a functional material, a calixarene. Dual resonance is exploited facilitating sensing 
of aromatic vapours. The response was found to be chemically selective. 
Chapter nine compares long period gratings with two different calixarene coatings, and 
their chemical selectivity and kinetic response when sensing organic vapours. 
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The last chapter gives an overall interpretation of the results across the five 
experimental chapters, and the logical next steps in developing this work further.  
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CHAPTER 2: THEORY OF LONG PERIOD FIBRE GRATINGS. 
2.1 LONG PERIOD GRATINGS IN OPTICAL FIBRE 
A diffraction grating is a periodic structure that causes light to diffract, due to the wave 
nature of light. A long period fibre grating is often structured as a square wave 
modulation1; 2 of the refractive index of the core of the fibre, with a period ranging 
from tens of microns to several hundred microns. This phase modulation of the 
fundamental mode in the core causes the coupling of energy from the core mode to 
the cladding modes, at wavelengths that satisfy the phase matching condition3.  
    
(2.1)

where λ(x) represents the wavelength at which coupling occurs to the LP0x mode, ncore is 
the effective refractive index of the mode propagating in the core of the fibre, nclad(x)  is 
the effective index of the LP0x cladding mode, N is an integer representing the order of 
diffraction and  is the period of the long period grating. 
 
Figure 2.1 The transmission spectrum of a long period grating with a 400m period, 
and length 35mm, fabricated using SM750 fibre. The attenuation bands in the 
spectrum are annotated with their cladding coupling modes. 
The fibre cladding is also a waveguide and as such only supports a discrete or finite set 
of modes. Coupling occurs predominantly to the symmetric cladding modes, denoted 
 
  
)(
)(
N
nn xcladcore
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LP0x, meaning that the energy distribution is of the form of concentric rings, where x 
denotes the number of rings. 
In Figure 2.1, the extinction of the attenuations bands differ, with the power transfer 
from core to each cladding mode is determined by Equation 2.2. The power 
transmission (T) in the fibre4 
T = 1 - sin
2
 ((x)L)     (2.2) 
where x is the cross coupling coefficient of the x’th cladding mode, and L is the 
length of the grating. It can be seen from Equation 2.2 that if 
(x)L = /2, 3/2, 5/2…    (2.3) 
then 100% of the light is coupled from the core to the cladding.  
The cross coupling coefficient is partly dependent upon the index modulation in the 
core, ncore, and over-coupling can occur if the index modulation is increased beyond 
the optimum point. Likewise, the length of the grating can be optimized. However, this 
cannot be satisfied for all cladding modes simultaneously, so the grating should be 
optimized for the selected attenuation band in the chosen application.  
2.2 COATINGS ON LONG PERIOD GRATINGS 
The deposition of a thin film of the order of several hundred nanometres on the 
surface of the fibre cladding has been found to cause a change in the central 
wavelengths of the attenuation bands5. For coatings of higher refractive index than the 
cladding, the typical evolution of the LPG transmission spectrum with increasing 
coating thickness is shown in Figure 2.2, illustrating the important features.  
The central wavelengths of the attenuation bands undergo a relaxed step change upon 
increasing the thickness of the coating, and the extinction of the bands becomes 
diminished, Figure 2.2. This step change is a result of the influence of the coating on 
the cladding waveguide, as the coating reaches a critical thickness. As the cladding 
mode field comprises a number of concentric rings, it has been stated that "an outer-
most lobe of the higher order cladding mode field is transferred from the cladding to 
the (coating)"6.  
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(a) 
 
(b) 
Figure 2.2 The spectral response of a long period grating with period 400m to the 
deposition of a nanostructured coatingf. The evolution of the spectrum (a) is shown 
in this grey scale plot (b) with darkness representing the degree of extinction of the 
attenuation band.  
                                                                
f
 1-octadecyl-4-[2-(4-methoxy-naphthalene-1-yl)-vinyl]-quinolinium iodide, Cranfield reference APD173 
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At this point, a reorganisation takes place when one cladding mode is partially guided 
by the coating, with a higher order mode adopting the effective index of the mode that 
has now become guided by the coating. At greater coating thickness, the effective 
index of the mode guided by the coating starts to approach that of the bulk refractive 
index of the coating, once that cladding mode field becomes increasingly guided by the 
coating. The first thirteen cladding modes are shown in Figure 2.3, LP02 to LP0 13. As the 
cladding modes LP03, LP06, LP0 10 and LP0 13 become guided by the coating, the other 
cladding modes effective indices change in concert7. In this way, all the cladding modes 
effective indices increase as the coating thickness increases.  
The term (mode) transition region has been used to denote the reorganisation that 
takes place. During the transition region, the attenuation band can diminish in 
extinction due to weaker coupling from the core to the cladding mode. Computer 
modelling reflects this if the effective refractive index of the cladding mode is 
considered as a complex number i.e. real and imaginary7. The imaginary component of 
refractive index is due to loss arising from (i) optical absorbance or (ii) scattering which 
is attributed to coating roughness i.e. irregularities in surface smoothness8. After the 
transition region, there is a restoration of the distribution of effective indices of the 
cladding modes. 
 
Figure 2.3 The dependence of the effective indices of the cladding modes upon 
coating thickness. Shown here are cladding modes LP02 to LP0 13. 
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Utilization of the transition region is important since the long period grating displays 
greater sensitivity to its external environment in this region. The LPG’s sensitivity to 
the properties of the coating can be optimised by selecting a coating thickness that lies 
in the transition region.  
2.3 DISPERSION AND PHASE MATCHING CURVES 
The effective refractive indices of the core and cladding modes change with 
wavelength according to the dispersion curves, a typical set is shown in Figure 2.49.  
 
Figure 2.4 The dispersion curves for a long period grating with period 400m, 
fabricated in SM750 single mode fibre, with a cut-off wavelength of 650nm. The core 
mode and the first ten cladding modes are indicated9. 
Knowing the effective indices of the core and cladding modes, the phase matching 
curves can be derived, according to Equation 2.1. These give a full set of the 
wavelength resonances that will occur in a long period grating. For long period gratings 
with periods of several hundred microns, the phase matching curves are illustrated in 
Figure 2.510. 
The slope d/dfrom the phase matching curves is indicative of the sensitivity of the 
cladding mode to external measurands. The ninth order cladding mode with the 
largest d/dwill exhibit the greatest sensitivity of those represented here. This 
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concurs with Figure 2.2, where the higher cladding mode shows a larger response to 
coating thickness.  
 
Figure 2.5 The phase matching curves for a long period grating, using single mode 
fibre with cut-off wavelength of 650nm10. The order of the cladding modes are 
labeled.  
2.4 DUAL RESONANCE IN LONG PERIOD GRATINGS 
The calculation of the phase matching curves for long period gratings with shorter 
grating periods show that a turning point occurs when coupling to the higher order 
cladding modes. This is referred to as the phase matching turning point11. Light can be 
coupled into the same cladding mode at two wavelengths with the formation of two 
attenuation bands and is known as dual resonance12.  
At the phase matching turning point, d/dbecomes infinite meaning the LPG’s 
sensitivity to external measurands is maximized11. Therefore, dual resonant cladding 
modes should be preferentially selected for sensing applications. Dual resonance has 
been used experimentally in sensing experiments for the measurement of 
temperature11; 13, strain11; 14; 15, surrounding refractive index11; 16-18, and has been 
exploited in chemical and biochemical sensing applications for the detection of 
concentrations of ethanol17, streptavidin19 and hemoglobin20.  
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Figure 2.6 The phase matching curves showing the phase matching turning point. A 
dual resonance occurs in the long period grating, the 18th order cladding mode 
displays a turning point at a wavelength of ~900nm
10. 
2.5 CONCLUSION 
Long period gratings contain many attenuation bands in their transmission spectrum 
resulting from coupling of light from the core to the cladding modes. The extinction 
ratio of these attenuation bands depend upon the grating length and the cross 
coupling coefficient which is in turn dependent on the modulation index of the grating, 
Equation 2.2.  
Coating a long period grating reveals that the attenuation bands in the spectrum show 
greatest sensitivity in the transition region. Figure 2.2 also reveals that the width of the 
transition region increases with mode order. For sensing applications, high sensitivity 
can be achieved with monitoring the attenuation band from a higher cladding mode.  
The phase matching curves reveal that the sensitivity of a cladding mode to external 
measurands is dependent upon d/dModelling the phase matching curves at 
shorter grating periods shows a turning point where d/dbecomes infinite. This 
indicates that maximum sensitivity can be achieved by monitoring the attenuation 
bands from a dual resonant cladding mode.  
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CHAPTER 3: REVIEW OF LPG COATING TECHNIQUES AND LPG BASED CHEMICAL 
SENSORS 
3.1 INTRODUCTION  
In Section 2.2, the deposition of a coating on the surface of the fibre cladding causes a 
change in the central wavelengths of the attenuation bands of an LPG device. This is 
the basis for creating a chemical sensor by the application of a coating that changes its 
thickness or density in response to an analyte chemical.  
It is important to control of the thickness of the coating (see Section 2.2,) and a 
number of techniques that allow this have been presented in the following sections. 
Two chemically responsive coatings that have been widely reported are also reviewed, 
calixarenes and merocyanine dyes. Also, experimental results for coated LPG based 
organic chemical sensors have been formulated. 
3.2 NANOSTRUCTURED COATING TECHNIQUES  
For the deposition of coatings, an important method is the technique of spin coating. A 
solution of the material to be deposited is placed onto a flat substrate and the 
substrate is rotated. The centrifugal force causes the solution to become evenly spread 
over the substrate, and in conjunction with the evaporation of the solvent in the 
solution, the thickness of the deposited material can be controlled with great 
reproducibility1.  
Using the spin coating technique, materials have been deposited onto planar sensors, 
which utilise the Surface Plasmon Resonance (SPR) technique2. Using spin speeds of 
1000-2000rpm for the deposition of a calixarene3, and 1000-6000rpm for a poly methyl 
methacrylate4, the material forms a thin film on the substrate when it is rotated at high 
speed.  
This technique is normally applied to the coating of wafers. Optical fibres have a 
cylindrical geometry, so unfortunately this technique cannot be applied for coating the 
cladding of optical fibres. Apart from rudimentary dipping techniques, three of the 
most common coating techniques applied to long period fibre gratings are detailed in 
the next sections, Langmuir-Blodgett (LB), electrostatic self assembly (ESA), and solgel. 
3.3 NANOSTRUCTURED COATING TECHNIQUES  - LANGMUIR-BLODGETT 
The Langmuir-Blodgett (LB) technique5-10 is a vertical dipping method, which is 
facilitated by utilization of a Langmuir-Blodgett trough. A thin layer of a material is 
spread onto the fluid surface of a water subphase, and by compression of the surface 
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area with a moveable barrier forms a highly packed monomolecular film known as a 
Langmuir film. The monolayer film is transferred to the fibre surface by the vertical 
dipping method to create monolayer LB films. Repeated dipping allows a multilayer 
film to be built up one molecule thickness at a time. In this way, an optical film is 
deposited on the fibre with such uniformity that it is suitable as an optical wave guide 
with minimal light scattering properties. Further details of the LB process are given in 
Chapter four.  
The Langmuir-Blodgett process has been used in the deposition of calixarenes onto 
substrates of ultrasonically cleaned microscopic glass slides coated with a 45nm thick 
layer of gold. This is to create a sensor which utilizes the Surface Plasmon Resonance 
(SPR) phenomenon. A toluene vapour sensor has been fabricated in this way5. The LB 
technique has also been used for deposition of calixarenes onto flat hydrophobic glass 
substrates, in order to perform spectroscopy on the film in the presence of amino 
acids of the form alanine, glutamic acid and lysine6. 
The LB technique can also be used to deposit a multilayer film with alternating layers 
of two different materials, by utilizing both compartments of the LB trough. It has been 
reported that two types of calixarenes, a carboxyl-substituted and an amino-
substituted calixarene have been alternately deposited onto a glass microscope slide.  
The glass substrate has imprinted on it a layer of aluminum forming a bottom 
electrode. After the LB film is deposited on this electrode, aluminium is thermally 
evaporated onto the LB film to form a top electrode.  The geometry of the resulting 
structure resembles a capacitor, and this structure has been created to make a 
temperature sensor which measures the change in current between the two 
electrodes7.  
It has been reported that stilbazolium merocyanine dye has been deposited onto 
quartz crystal slides using the LB technique8. Furthermore, polished fibre devices have 
been LB dipped with a bromine-substituted merocyanine dye to create a sensor that is 
pH sensitive. The sensor consists of a single mode optical fibre that has been side 
polished. Light from the core mode is evanescently coupled into the coating material, 
which is deposited as an LB film onto the polished region of the fibre. The dye is a pH 
sensitive organic material which undergoes a change in its absorption spectra in the 
presence of an acidic vapour, e.g. hydrochloric acid vapour9.  
The quartz substrate has been LB coated with a calixarene film to form a sensor that 
responds selectively to aliphatic alcohols e.g. methanol, ethanol, propanol, butanol 
and pentanol10. This is the Quartz Crystal Microbalance (QCM) technique where the 
variation of the resonance frequency of the quartz crystal oscillator is measured. The 
alcohol is absorbed into the calixarene, thereby changing the weight of the calixarene 
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film. Since the calixarene is deposited onto the oscillator there is a commensurate 
change in the resonance frequency. 
3.4 NANOSTRUCTURED COATING TECHNIQUES - ELECTROSTATIC SELF 
ASSEMBLY 
Another technique for depositing coatings is the method of Electrostatic Self 
Assembly11-16 (ESA). This requires the dipping of the substrate alternatively into a 
cationic solution i.e. positively charged molecules, and an anionic solution, i.e. 
negatively charged molecules. Between each dip, the substrate is washed. Through self 
assembly, a multilayer structure is built up. It is possible to substitute different 
solutions to build up a coating comprising different layers of molecules. This technique 
has been widely applied to fibre substrates. 
The first step is to clean the substrate and treat it so that the surface becomes 
charged, for example negatively. Then the substrate is dipped into a polycation 
solution, Figure 3.1. The use of poly allylamine hydrochloride (PAH) has been widely 
reported. This is a polymer with an amine moiety and a hydrochloride moiety. Then 
the substrate is dipped into a polyanion solution. The anionic solution, poly acrylic acid 
(PAA) solution has been widely reported. This is a polymer with a carboxylic acid 
moiety11. The ESA process creates a monolayer of a single molecule thickness each 
time the substrate is dipped. Between each dip, the substrate is rinsed in water or as 
reported a citrate pH 4.4 buffer solution12. This removes the excess molecules. The 
dipping time is about 4 minutes and the rinse time, 1 minute.  
 
Figure 3.1 The Electrostatic Self Assembly (ESA) process. After the substrate is 
cleaned and treated so that the surface becomes negatively charged, (a) the 
substrate is dipped into a cationic solution i.e. positively charged, and (b) into an 
anionic solution i.e. negatively charged molecules, and (c) into a cationic solution. 
The molecules self assemble to form a multilayer coating13. 
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A 25 layer poly allylamine hydrochloride/poly acrylic acid (PAH/PAA) coating has been 
used to create a long period grating based pH sensor. The refractive index of the 
composite PAH/PAA film is 1.5514. In the presence of a pH buffer solution, the charges 
of the PAA chains increase, which changes the electrostatic attraction between the 
layers. This in turn changes the thickness of the coating which has the effect of a 
commensurate change in wavelength of the attenuation bands that are characteristic 
of a long period grating that has been coated with a film of refractive index higher than 
that of the cladding15.  
The multilayer structure is often referred to as a polymeric matrix. Dopants can be 
introduced into this structure. In order to do this, the dopants must be added to one of 
the dipping solutions. The dopant Prussian Blue (PB), which is a dye has been found to 
improve permeability of the polymeric matrix. A long period grating has been coated 
with a PAA/PAH multilayer structure to form a pH sensor. A second sensor containing 
the addition of the dopant PB was found to improve the response time of the sensor, 
however the sensitivity to pH was diminished16.   
In another example, a tapered optical fibre has been tip coated with a PAA/PAH 
polymeric coating. Another dopant 1-hydroxypyrene-3,6,8-trisulphonate (HPTS) which 
is a pH sensitive dye has been added to the polymeric structure. The HPTS is a 
fluorophore thus enabling the sensor to utilize fluorescence to create a pH sensor on a 
tip coated tapered optical fibre11.  
Nanoparticles in the form of 20nm silica particles can also be used to build a 
hydrophilic block in an ESA multilayer structure. The nanoparticles are formed into a 
polyanion solution which in conjunction with the polycation solution PAH, can then 
create a multilayer structure through ESA. On top of the hydrophilic layers, a PAH/PAA 
with dopant HTPS structure was deposited through ESA. A tip coated tapered optical 
fibre was coated with this complex layer structure to form an optical florescence 
sensor that is responsive to pH. The hydrophilic block increases the OH- and H+ ion 
diffusion through the multilayer structure. An improvement in the sensor’s response 
time was observed as compared to a sensor constructed without the hydrophilic 
block12.  
Other materials have also been deposited using the ESA technique to create a sensor 
that responds to humidity. It has been reported that a long period grating sensor has 
been coated using a cationic solution of alumina (Al2O3) and an anionic solution of poly 
sodium 4-styrenesulfonate (PSS). The adsorption of water molecules into this 
composite film causes the optical thickness to increase, thereby provoking a response 
in the transmission spectrum of the long period grating14.  
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3.5 NANOSTRUCTURED COATING TECHNIQUES - SOL-GEL 
A third way is the sol-gel approach, a term which comes from solution gelation. In the 
context of fibre optics, it is used as a dip coating process that creates a nanoporous 
glassy coating on the fibre. The silica sol-gel glass is fabricated using hydrolysis and 
condensation polymerisation of silicon alkoxide solutions, followed by placing it inside 
an oven and following a temperature program17. A silicon alkoxy compound has for 
example, four oxygen-ethyl groups attached to the silicon atom. During hydrolysis, 
some of the oxygen-ethyl moieties are replaced by hydroxyl moieties. This facilitates 
polymerisation since (i) two silicon-hydroxyl moieties or (ii) a silicon-hydroxyl and a 
silicon-oxygen-ethyl moiety combines during the condensation reaction to form an 
amorphous 3D polymer structure of silicon-oxygen-silicon, i.e. the building block of 
silica glass. The by-product of the reaction (i) is water and is known as water 
condensation, in the reaction (ii) the by-product is alcohol and is known as alcohol 
condensation18. 
Dopants can also be introduced during these reactions, see Figure 3.2. The nanoporous 
glass acts as a support matrix for these dopants, typically analyte sensitive materials 
i.e. fluorescein. The dye molecules are entrapped in the nanoscale cages formed by the 
cross-linking silicon and oxygen units. With the introduction of an analyte i.e a pH 
solution, the smaller molecules of the analyte permeate the matrix and access the 
fluorescein molecules.  
 
Figure 3.2 The amorphous silicate structure in glassy sol-gel matrices. Here, organic 
molecules introduced as dopants are trapped as individual entities in the pores of 
the gel20. 
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An evanescent wave fibre optic sensor has been coated with a thin film of sol-gel 
entrapped fluorescein. A coating was applied to declad optical fibre to a thickness of 
300nm. The sensor was placed in pH buffer solutions ranging from 3.5 to 6.5. The 
fluorescence intensity of the dopant responded to the pH and this was detected 
optically. A response time of 5s is largely associated with the transfer of the hydrogen 
ions through the sol-gel matrix to access the fluorescein molecules. The time response 
is determined to a large extent by the thickness of the coating, which can be accurately 
controlled by the rate of withdrawal during the dip coating process19.  
Sol-gel glass has some advantages over other techniques. By judicious choice of 
fabrication parameters e.g. dip velocity, sol viscosity, annealing temperature, the silica 
cages can be tailored in size appropriate to the size of the dopant molecule. 
Alternatively, the size of the dopant molecule can be selected that is appropriate for 
the silica cage. In this way, leaching of the dopants can be made negligible. The sol-gel 
coating has greater strength in the presence of organic solvents, strong acids and 
bases as compared to other polymeric sensor compounds21. The relatively low 
temperature of the process enables the use of a wide range of dopants with low 
thermal stability22.  
3.6 ORGANIC CHEMICAL SENSING – UNCOATED LPGS 
Uncoated long period gratings can detect ambient refractive index changes, since 
some of the cladding mode field extends outside the diameter of the fibre which gives 
rise to a dependency of the cladding modes on the ambient refractive index. The 
cladding mode propagation is lossy as compared to core mode propagation, so this 
gives rise to attenuation bands appearing in the transmission spectrum. By monitoring 
these attenuation bands, the ambient refractive index can be sensed. The sensitivity of 
this arrangement is greatest when the ambient refractive index is close to that of the 
cladding refractive index23.  
A long period grating has been reported that can detect variations in the concentration 
of the organic compound xylene24. The LPG has a period of 111m, and is immersed in 
a solution containing the solvent heptane, and xylene. Different concentrations of 
xylene in the solution are measured by monitoring the wavelength change of an 
attenuation band in the transmission spectrum. Detectable wavelength shifts were 
recorded for volumetric concentrations of 0.1% to 0.5% of xylene in the heptane 
solution. The response is from a change in the ambient refractive index surrounding 
the LPG due to changes in the refractive index of the solution. The minimum 
detectable change in refractive index with this detection system is n = 6x10-5. This 
method is limited in chemical selectivity since the response is only determined by the 
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refractive index and concentration of the analyte solution. See Table 8.1 for refractive 
indices of some organic solvents.  
3.7 ORGANIC CHEMICAL SENSING – COATED LPGS 
For chemical sensing, instead of a direct measurement of the analyte chemical, a 
reagent mediated measurement can be performed by introducing a coating on the 
LPG. For coatings of refractive index less than the cladding, the principle above applies, 
the attenuation bands show a wavelength change due to the change in the 
surrounding refractive index which includes the coating. However, by introducing a 
coating of a higher refractive index than the cladding, the sensitivity of the LPG can be 
increased in the region of mode reorganization25. This requires the precise control of 
the thickness of the coating to access the transition region of the attenuation bands. 
A number of LPG based chemical sensors have been reported, and are listed in Table 
3.1. Here, some have a coating with a refractive index less than the cladding, 
(ncladding=1.45) and have a coating thickness of tens of microns. The high refractive 
index (HRI) coatings however are applied to the fibre in a much thinner film, with 
thickness of several hundred nanometers in order to achieve a high sensitivity. 
A zeolite thin film coated LPG has been fabricated and its response to toluene and 
isopropanol vapour has been measured26; 27. Zeolites contain nanoscale pores which are 
able to selectively absorb molecules. These shape selective cavities are able to 
separate para-xylene from the meta-xylene and iso-xylene isomers since para-xylene is 
able to diffuse through this material whilst the other more bulky isomers are far less 
mobile. This is important in the petroleum industry, since zeolite filters can separate 
out diffent organic species from petroleum raw materials28. Here, a silica zeolite coated 
LPG with a pore size of 0.6nm has been demonstrated to absorb toluene and 
iospropanol vapours. The refractive index of the coating was found to increase from 
ncoating = 1.3361 to ncoating = 1.402 in isopropanol vapour at a concentration of 5.4kppm. 
The increase in density and refractive index of the coating provokes a response in the 
transmission spectrum of the LPG. Wavelength shifts of several nm’s have been 
measured27.  
Another LPG chemical sensor has been reported which responds to the vapours xylene 
and cyclohexane. A polymer coating, a phenyl-doped polydimethylsiloxane (PDMS), is 
applied to the fibre cladding, and the analyte molecules are adsorbed into the polymer 
coating. Here, the refractive index of the coating is ncoating = 1.4237, and the presence 
of the analyte vapours moved the refractive index in opposite directions. For 
cyclohexane, ncyclohexane = 1.4141 so a reduction in the refractive index of the coating 
was measured. For xylene, nxylene = 1.4802, so an increase in the refractive index of the 
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coating was found. These phenomena result in the spectral attenuation bands of the 
LPG with grating period of 236m to move in wavelength in opposite directions, of the 
order of 40-60nm29. 
Table 3.1 Coated long period grating based chemical sensors 
LPG Period 
 
Coating ncoating Coating 
thickness 
Analyte 
520m27 Silicalite 
(zeolite) 
1.3361 10m Toluene and 
isopropanol 
vapour 
236m29 PDMS
g 1.4237 20m Xylene and 
cyclohexane 
vapour 
340m30 SPS
h 1.578 260nm Chloroform 
in water 
solution 
450m31 SnO2  
(sol-gel) 
 
1.75 200nm Ethanol 
vapour 
500m32 Palladium NK 70nm Hydrogen 
Gas 
 
A chloroform chemical sensor has been demonstrated using an LPG with grating period 
340m. A nanoporous material Syniotactic Polytyrene (SPS) has been coated at 260nm 
in thickness. The size and shape of the chloroform molecule is suited to absorption into 
the nanoscale cavities in SPS in the crystalline  form. The  form is characterized by a 
“regularly spaced array of nanocavities of well defined shape and size, where penetrant 
molecues can be hosted with a certain selectivity based on both size exclusion and host-
guest interactions”30. Wavelength shifts in the LPG spectrum of 5-10nm have been 
measured30; 33.  
Some more LPG’s are listed in Table 3.1. A sol-gel derived tin dioxide coated LPG has 
been reported that can sense ethanol vapour31. A palladium coated LPG has also been 
demonstrated to detect hydrogen gas32.  
 
                                                                
g
 PDMS Polydimethylsiloxane 
h
 SPS Syndiotactic polystyrene 
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3.8 ORGANIC CHEMICAL SENSING – MEROCYANINE DYES  
An LPG based pH sensor coated with a dye compound, a quinolinium dye, has been 
described in Chapter 5, see Section 5.5 to 5.7. A related dye compound, a merocyanine 
dye is reviewed in this section. 
Merocyanine dyes may be used as the active material of pH sensors. They are 
characterized by having a nitrogen atom in an aromatic ring, and a carbonyl group 
(C=O), of which the oxygen atom that can be reversibly protonated, Figure 3.3. This 
type of molecule can exist in two distinct formats depending on the pH of the solution 
into which it is immersed. In the presence of an acid, an H+ ion (proton) from the 
acidic solution becomes attached to the oxygen atom forming a hydroxyl ion. In a base 
solution, the merocyanine molecule takes on the unprotonated form, the nitrogen and 
oxygen atoms are in their oppositely polarised states. This is known as the zwitterionic 
form. This triggers a rearrangement of the energy states. An electronic reorganisation 
takes place that travels along the molecule to the nitrogen ion in the aromatic ring, 
and this changes the absorbance spectra34. The absorbance change is reflected in a 
change of refractive index of the bulk material since refractive index is related to 
absorbance through the Kramers-Kronig model9.  
 
Figure 3.3 The zwitterionic form of a merocyanine dye, E-N-docosyl-4[2-(4-ox phenyl) 
ethenyl] pyridinium, is unprotonated. The nitrogen and oxygen atoms are in their 
oppositely polarised states35. 
If a merocyanine dye is applied to the cladding of a long period grating as a high 
refractive index coating, a change in the LPG resonance band wavelengths will be 
observed when the coating is exposed to different pH environments. Merocyanine 
dyes have been reported for pH sensing applications, with a stilbazolium merocyanine 
dye exhibiting its greatest sensitivity to pH, for pH values ranging from 3 to 5.88. Lower 
sensitivity is then observed for pH values outside this range. The two forms of the 
molecule exist in a dynamic equilibrium, where the quantities of each are determined 
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by the relative H+ and OH- (proton donor & proton acceptor) concentrations. The 
differing absorbances of each form of the molecule result in an aggregate absorbance 
spectra for the chemical, indicating the relative proportions of each type of molecule. 
Outside the pH ranges of 3 and 5.8, the molecule is dominated by one state or the 
other, Figure 3.4. 
 
Figure 3.4 The absorption spectra of a merocyanine dye in chloroform solution mixed 
with buffers of various pH; KEY: (1) pH3, (2) pH4, (3) pH4.9, (4) pH5.8, (5) pH8. The 
two peaks represent the different absorbances of the protontated and unprotonated 
form of the molecule8. 
Merocyanine dyes can also be used to detect transition metal ions i.e. Cu2+, Co2+ and 
Fe3+. In the same way as the H+ protonates the oxygen atom, the presence of these 
metal ions in solutions changes the absorbance of the merocyanine molecule by 
protonation. Different absorbance bands have been observed for each metal ion36.  
3.9 ORGANIC CHEMICAL SENSING – CALIXARENES 
Calixarenes have been used in this thesis (see Chapters 8 and 9) to create chemical 
sensors by coating an LPG with a calixarene to detect organic vapours. 
Calixarenes have been reported with a number of detector types in order to sense 
organic compounds. The calixarene molecule contains a molecular cavity, Figure 3.5, 
and this can encapsulate small organic species through supramolecular binding28. The 
calixarene thus forms a nanoporous matrix structure, which with the adsorption of 
another chemical species, changes its density. This change in density can be utilized in 
various types of detectors. 
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Using Surface Plasmon Resonance (SPR) techniques, calixarene films have been 
investigated and their response to benzene37, toluene2 and chloroform38. Chemical 
sensors are susceptible to cross-sensitivity to other chemical species, whereby there is 
an interaction between the functional coating and other chemical species which are 
not the target analyte of the sensor. Chemical selectivity is a measure of the sensors’ 
preference of the target chemical species compared to others42 p571. Comparative 
studies of BTEX compounds at concentrations of 400ppm3; benzene, toluene, 
ethylbenzene and xylene, have shown the chemical selectivity of calixarenes, with 
ethylbenzene giving the greatest response by a factor of three.  
Table 3.2 Organic compound chemical sensing with calixarenes using Quartz Crystal 
Microbalance (QCM), Surface Plasmon Resonance (SPR) and Discontinuous Gold Filmi 
(DGF) techniques. The analyte molecules, benzene, toluene, ethanol, chloroform and 
butylamine which have been investigated are highlighted. 
Coating Benzene Toluene C2H5OH CHCl3 C4H9NH2 Detector 
Calix[4]resorcarene 
 
     SPR37 
Calix[4]resorcarene      SPR2 
Calix[4]resorcarene 
 
 
     QCM10 
Calix[4]resorcarene 
 
     SPR3 
Calix[4]resorcarene 
& Calix[6]arene 
     DGF41 
Calix[4]arene & 
Calix[6]arene 
     SPR38 
Calix[4]arene acid & 
Calix[6]arene acid 
     QCM39 
Calix[8]arene      QCM40 
                                                                
i
 The detector comprises gold electrodes coated with a calixarene layer, with the electrical conductivity 
between electrodes being measured. 
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The Quartz Crystal Microbalance (QCM) technique has also been used to investigate 
calixarenes with its response to alcohols from concentrations of 50ppm; methanol, 
ethanol, propanol, butanol and pentanol. The response was greatest for pentanol, 
decreasing for the smaller analyte molecules10. QCM has also been used for an 
investigation of the aliphatic amines; propylamine, three isomers of butylamine, 
diethylamine and triethylamine. The strongest response was with n-butylamine39. In 
another report, a comparative study of the solvents; benzene, toluene and chloroform 
was reported at 40ppm, showing toluene to give the greatest response40. See Table 
3.2. 
 
Figure 3.5 The molecular structure of a calixarene, comprising four phenol rings 
interlinked to form a larger ring. This is a molecular cavity that can encapsulate 
smaller organic molecules28. 
Another technique reported is where the calixarene is deposited between two 
electrodes and the electrical conductivity is monitored. Referred to as the 
Discontinuous Gold Film (DGF) technique, it has been used to investigate the alcohols; 
methanol and ethanol. Methanol gave the larger response41. 
3.10 SUMMARY 
A review of the chemical sensors using the LPG device has been presented, with focus 
on organic chemicals. This can be achieved by using the LPG in an uncoated form, 
whereby ambient refractive index changes can be detected to sense the chemical 
concentration. The wider range of chemicals can be detected using a functional 
coating applied to the LPG cladding. Here, a porous coating applied selectively absorbs 
the analyte chemical.  
Some widely reported coating materials, calixarenes and merocyanine dyes, have been 
presented, which have a sensitivity to organic compounds and pH respectively. The 
work presented in this thesis is based on derivatives from these compounds, to coat 
the LPG device. 
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A review of three coating techniques relevant to optical fibre has been presented. One 
of these, the Langmuir-Blodgett technique, has been used to fabricate optical fibre LPG 
based chemical sensors described in Chapters 5 to 9. 
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CHAPTER 4: EXPERIMENTAL METHODS. 
4.1 INTRODUCTION 
The processes used in the fabrication of thin film coated optical fibre long period 
gratings investigated in this thesis are 
 hydrogen loading of the optical fibre, to increase its photosensitivity 
 writing the long period grating  
 depositing the coating 
4.2 PHOTOSENSITIZATION OF THE FIBRE 
Standard telecoms fibre i.e. low loss germanosilica fibre, has a germanium doped core, 
with a doping level of ~5% mol. By the incorporation of extra germanium doping to a 
level between 15% and 20% mol raises the fibres photosensitivity1. This type of fibre is 
referred to as photosensitive fibre. This specialist fibre can easily be used for the 
fabrication of long period gratings by the direct exposure of the fibre to UV light, see 
Section 4.3. 
Table 4.1 Specification of single mode optical fibre, type SM750. This batch of fibre 
has been used throughout this thesis for grating fabrication and sensing. 
Manufacturer Fibercore Ltd. 
Fibre Type SM750 
Attenuation at 780nm 3.3dB/km 
Coating Diameter 239m 
Core Concentricity 0.21m 
Cut-off Wavelength 619nm 
Fibre Diameter 124.9m 
Mode Field Diameter 5.2m 
Numerical Aperture 0.12 
Operating Wavelength 780nm 
For high volume production, it may be cost effective to use standard off-the-shelf fibre 
of lower cost. In this case, an extra process is required to fabricate an LPG. It is 
necessary to hydrogen load this fibre to increase its inherent photosensitivity. Taking 
standard germainium doped fibre and performing hydrogenation increases its 
photosensitivity by a factor of 2.51.  
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The hydrogen treatment process requires placing the fibre in a sealed chamber for the 
duration of 14 days at 150 bar pressure at room temperature. The other types of 
photosensitive fibre i.e. high germanium doped and boron/germanium codoped, give 
higher photosenstivities upon hydrogenation. Unless otherwise stated, the fibre type 
throughout this thesis is Fibercore SM750 with a cut-off wavelength of 619nm. The 
fibre specification is recorded in Table 4.1.  
The hydrogen chamber is shown in Figure 4.1. Reeled sections of fibre ~2m in length 
are inserted into the chamber. Eight retaining bolts and a rubber gasket seal the 
chamber. The chamber is pressurized with hydrogen from the cylinder, and a tap (not 
shown) isolates the chamber from the gas cylinder. To remove the fibre, the hydrogen 
in the pressurized chamber must be slowly released via the outlet shown. 
 
Figure 4.1 The hydrogen chamber. The high pressure sealed hydrogen chamber 
contains the fibre that is to be hydrogen loaded.  
4.3 UV INSCRIPTION 
UV inscription of the LPG should take place shortly after the removal of the fibre from 
the chamber. After a period of ~40 hours, the hydrogen out-diffuses and the 
enhancement in photosensitivity is lost15. To prepare the hydrogen loaded optical fibre 
for the inscription of the LPG, the polymer buffer coating is removed from the section 
of the fibre where the grating is to be located. Since the LPG is fabricated in the middle 
of the fibre, the coating can be removed using Nitromors paint stripper (a substance 
containing dichloromethane and methanol), as this process is less likely to reduce the 
strength of the fibre by damaging the surface of the cladding. After three minutes, the 
polymer coating can be removed with friction using a coarse tissue. Then the target 
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grating region of the fibre is then cleaned with acetone and optical tissue to remove 
any residue of the buffer coating. The buffer coating is opaque to UV light, and its 
presence would prevent the inscription process. 
Point by point fabrication of long period gratings is a flexible technique that allows the 
user to create bespoke designs by selecting the grating pitch, grating length and even 
the implementation of phase shifts and chirp. The laser used is an injection-seeded 
frequency quadrupled Spectra Physics Quanta-Ray, Neodynium doped Yttrium 
Aluminium Garnet (Nd:YAG) which produces ultraviolet (UV) radiation at a wavelength 
of 266nm and a pulse width of 5ns. The laser is allowed to warm up at low power prior 
to writing, for a period of 30 minutes. Then the incident optical power is set close to 
40mW with the seed on, using a wide area optical power meter located at the 
cylindrical lens. A further time is allowed for the power to stabilize.  
 
Figure 4.2 Apparatus for UV inscription, with the monitoring of the transmission 
spectrum of the fibre grating using an Ocean Optics lamp and spectrometer3. 
During writing, the laser irradiates the stripped region of the fibre through the 
aperture to produce a local change in the refractive index of the core. The fibre is 
typically exposed for a period of 30 seconds before the fibre is translated along its axis 
by a distance equal to the desired period, and the next section is exposed. The 
apparatus is illustrated in Figures 4.2 and 4.3. Here, a cylindrical lens with focal length 
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100mm focuses the beam into a horizontal stripe. The focus is located a distance 
approximately 5mm beyond the fibre. Specially adapted vernier calipers with a 
resolution of 10mj, which are fixed to the optical table, act as an adjustable slit. The 
vernier is used to generate a beam that is a vertical stripe, of width a half of the grating 
pitch. The fibre is mounted to a computer controlled translation stage which traverses 
the optical fibre across the slit in a series of steps with the step size equal to the 
desired grating pitch2.  
 
Figure 4.3 Writing of a grating using point by point UV inscription. The vernier caliper 
is mounted to the bench, with the fibre mounted to the translation stage.  
The fibre is mounted horizontally in V grooves, using two magnets at each end of the 
stripped fibre section to keep the fibre in tension. The fibre is manipulated to be less 
than 1mm behind the aperture. The translation stage is controlled by a NEAT 3000 
programmable controller which can be programmed to move the fibre with a 
resolution of 2m. By moving the fibre a distance equal to the grating pitch, a regular 
induced refractive index change in the core is achieved. The fibre is traversed over a 
length of between 16mm and 35mm, equal to the final grating length. This process 
takes several hours, depending upon the grating pitch. It is typically repeated twice to 
ensure the level of extinction of the LPGs attenuation bands exceeds 4dB. 
                                                                
j
 Since the resolution of the vernier caliper is 10m, and the required mark space ratio of the grating is 
50%, this allows only for grating pitches that are divisible by 20m. The accuracy of the mark space ratio 
is poor for gratings of these pitches given that the calipers adjustment accuracy is ±5m.  
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During the writing process, the transmission spectrum of the optical fibre is monitored 
using the configuration shown in Figure 4.2. The output from a broadband optical 
source, in this case a Tungsten Halogen lamp, Ocean Optics HL2000, is coupled to the 
optical fibre containing the LPG. The transmitted light is detected at the distal end of 
the fibre using an Ocean Optics S2000 CCD spectrometer interfaced to a computer 
running propriety software. This spectrometer comprises a fixed grating across a linear 
Charge Coupled Device (CCD) array. With this arrangement, the light is dispersed 
across the array with each element of the CCD array assigned a pixel. Each pixel is 
separated in wavelength by 0.3nm. In this way, the transmission spectrum of the fibre 
grating in the range 520nm to 1160nm has been captured, with a resolution of 0.3nm.   
The attenuation bands in the transmission spectrum of the LPG are monitored during 
the writing process. The spectrum from the broadband source is first normalized. This 
can be achieved using a procedure in the Ocean Optics spectrometer application. This 
allows the extinction of the attenuation bands to be monitored, in order to ensure that 
coupling has occurred between light in the core mode and the cladding modes.  
Table 4.2 Attenuation band extinction ratios after first and second exposure cycles 
recorded for the fabrication of five 100m long period gratings 
Grating No. 1 2 3 4 5 
Grating period 100m 100m 100m 100m 100m 
1st exposure time 30s 30s 30s 30s 30s 
Mean laser power 39mW 40mW 40mW 43mW 42mW 
Resulting extinction ratio 2.76dB 2.29dB 1.61dB 2.01dB 1.67dB 
2nd exposure time 30s 30s 30s 30s 30s 
Mean laser power 43mW 46mW 43mW 43mW 43mW 
Final extinction ratio 5.85dB 4.44dB 4.69dB 4.20dB 3.57dB 
Grating length 26mm 25mm 23mm 23mm 23mm 
It has been noted that an exposure time of 30 seconds on the first pass will result in an 
extinction ratio of ~2dB, and this is repeated with a further 30 second exposure to 
obtain an extinction ratio of at least 4dB for the attenuation bands in the central 
region of the spectrumk. A further repeat of the exposure process is sometimes 
required to achieve this level of extinction. The attenuation band depths of a number 
                                                                
k
 This could also be achieved by a single exposure of 60s. The 30/30 method was used for practicality. 
Power fluctuations of the UV laser would be more damaging to the fibre with a 60s exposure than a 30s 
exposure. The risk of fibre breakage is therefore reduced. 
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of LPGs of period 100m following the first and second exposure cycles are recorded in 
Table 4.2. 
An alternative to the point by point technique for fabricating LPGs is the amplitude 
mask method. An amplitude mask is a copper foil that has been machined with a 50/50 
mark space ratio. This is mounted to a right angle bracket and both are fixed to the 
translation stage. The amplitude mask is located less than 1mm in front of the fibre. 
The mask is irradiated with UV light in a broad area and the fibre is exposed. The fibre 
and mask assembly is traversed across the beam creating a grating of the required 
length. The technique lacks the flexibility of the point by point approach, as the period 
is determined by the mask. However, it is possible to fabricate LPGs more rapidly using 
this approach. The long period grating of period 400m reported in Chapter 2 was 
fabricated in this way. 
4.4 LANGMUIR-BLODGETT COATING 
The last stage is the process of coating the optical fibre with a thin optical film. The 
optical coating must be deposited in a uniform manner to minimise optical scattering, 
and with a high degree of control of the final coating thickness. Various techniques are 
at our disposal, one of them, the Langmuir-Blodgett (LB) technique, has been adapted 
here for use on an optical fibre. This technique deposits one molecular layer at a time 
and forms a multilayer coating which is sometimes described as a nanostructured 
coating4. 
The equipment used for Langmuir-Blodgett deposition is the Nima Technology LB 
trough, model 2410A. The basic configuration of the apparatus is shown in Figure 4.4. 
The Langmuir-Blodgett trough is filled with a liquid of high surface tension, known as 
the subphase. Here purified waterl with a resistivity of 0.18Mm is used.  
The apparatus is operated in the dust free environment of a clean room, and the 
surface of the equipment is cleaned with acetonem to remove dust and chemical 
deposits. The area between the steel barrier and the PTFE barrier is particularly 
important to clean, Figure 4.5, since deposition takes place in this part of the trough. 
 
                                                                
l
 Mercury and glycol are examples of other subphase materials
6
 
m
 The Perspex parts of the apparatus must be cleaned with isopropanol only 
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Figure 4.4 The apparatus used for Langmuir-Blodgett deposition. The round trough is 
shown with a pressure sensor and PTFE barrier. Monitoring optics record the 
progress of the coating process5. 
 
Figure 4.5 Langmuir-Blodgett trough used for depositing optical coatings onto optical 
fibres. The dipper mechanism shown in the centre raises and lowers the fibre 
alternately through the subphase. The PTFE barrier controls the surface pressure of 
the film so that it remains in the ‘solid’ phase. 
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A requirement of materials that are to be deposited via this technique is that their 
molecular structure must be amphiphilic. An amphiphilic molecule consists of a 
hydrophilic and hydrophobic group in the same molecule. Examples of hydrophilic 
groups are carboxylic acids, sulphates, amines and alcohols6. The hydrocarbon chain 
found in organic molecules is a hydrophobic group. 
The coating material must first be dissolved in a suitable solvent. Here, it was dissolved 
in the solvent chloroform at a concentration of between 0.1 - 0.2g/l, as detailed in the 
following chapters. The coating material was then spread onto a pure water subphase 
of one compartment of the trough. The consequent evaporation of the solvent leaves 
the amphiphilic molecule as a film on the surface.  
With the introduction of the molecule on the surface of the water, the surface tension 
of the water is reduced. This is monitored by means of a pressure sensor of the form of 
a Wilhelmy plate pressure sensor. This is a thin plate oriented perpendicular to the 
surface of the water. The force exerted on it at the air-liquid interface is measured. 
This sensor is incorporated in a control loop with the PTFE barrier. 
Amphiphilic molecules that are deposited onto the surface of the subphase become 
trapped on the surface. A material with less hydrophobicity would dissolve into the 
water, a material less hydrophilic may form a thick multilayer film unsuitable for 
coating.  
 
Figure 4.6 The crucifix is a special jig to hold the long period fibre grating and is 
attached to the dipper mechanism. 
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Sweeping a PTFE barrier over the surface of the water compresses the molecules into a 
monolayer. The surface pressure is set to 26-30mN/m, as determined by performing 
an isotherm on each coating material. An isotherm is a characterization of the 
molecule by its response to pressure changes while the temperature is constant. The 
surface pressure set point is established during the isotherm, this process increases the 
surface pressure of the film to beyond the solid phase whereupon the monolayer 
structure breaks down. Once this has been established, the surface pressure can be set 
with a margin e.g. 5mN/m, to ensure breakdown will not occur. During deposition, the 
surface pressure of the film is controlled using a Wilhemy plate operating in a control 
loop to ensure that it remains in the solid phase during the process7.  
The Langmuir-Blodgett technique requires the fibre to be passed vertically through a 
film of the material to be deposited. The fibre was mounted on the jig shown in Figure 
4.6. The fibre is tensioned between the two clamps of the jig to ensure the fibre is 
straight. By concurrently observing the attenuation band extinction ratio of the 
transmission spectrum of the LPG, whilst manually tensioning the fibre, the fibre can 
be correctly tensioned in the jig and clamped.  
 
Figure 4.7 The dipper mechanism and the crucifix attachment. The fibre passes 
through the monolayer which is confined by a steel barrier5. 
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The jig is attached to the dipper mechanism behind the steel barrier, and is designed 
to hold the fibre forward of the barrier, whilst being attached to the dipper 
mechanism, Figure 4.7. The dipper mechanism is a motor driven chain which lowers 
and raises the fibre. This operates with the aid of a NIMA controller via a computer 
running Labview software.  
For the correct deposition of a monolayer film onto the fibre, a knowledge of the 
interaction of the substrate material with water is required. Glass is a hydrophilic 
material. This means that deposition of the first layer occurs on the upstoke from the 
water subphase since the shape of the meniscus is not suitable for depositing the 
molecule on the first downstroke. To avoid problems with unwanted deposits during 
the first downstroke, the substrate should be immersed in the subphase as the starting 
position.  
After the first upstoke, the substrate is coated with the hydrophilic group of the 
molecule, which is attached as a molecular film over the substrate. On the next down 
stroke, the coated substrate now behaves in a hydrophobic way since the hydrophobic 
part of the chemical forms the surface of the substrate. The meniscus now is suitable 
for coating on the downstroke and another layer is deposited, the hydrophobic group 
attaches to the previous layer’s hydrophobic group. The layers build up after multiple 
strokes, resulting in a Y type structure, where the orientation of the molecule on each 
adjacent layer is opposite, Figure 4.8.  
 
 
Figure 4.8 The molecular deposition process. The build-up of multiple layers on the 
substrate forms a Y-type film.   
The coating process is stopped when the required coating thickness is achieved. 
Further details of the optimum coating thickness are given in the following chapters, 
and are of the order of hundreds of nanometres. The coating process is monitored 
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using a broadband source, the Ocean Optics HL2000 tungsten halogen lamp, and a 
spectrometer, the Ocean Optics S2000 CCD analyser as is shown in Figure 4.4. The 
transmission spectrum of the LPG is recorded at the end of each transit of the dipper. 
In this way, the evolution of the LPG spectrum is built up after each layer. This process 
is fully automatedn. 
4.5 VAPOUR SENSING 
Vapour sensing is performed in a gas chamber to allow the controlled build up of 
known concentrations of the vapour. The fibre is held in a specially designed jig shown 
in Figure 4.9, and the fibre must be tensioned in the jig. This is achieved by 
concurrently observing the LPG transmission spectrum and manually tensioning the 
fibre so that attenuation bands in the spectrum reach their maximum extinction ratio. 
The optical source and detector are as stated in Section 4.4. A 1.5 litre jar is used to 
form a gas chamber. The fibre and jig assembly are inserted into the gas chamber with 
a steel block at the base of the gas chamber for supporting the jig, see Figure 4.10. 
 
Figure 4.9 A jig used to tension the fibre inside the gas chamber. The long period 
grating is indicated on fibre, the LPG is about 1 inch in length. 
The fibre is fed in and out of the gas chamber between the bung and the lid, ensuring 
that the fibre is not unduly stressed. Monitoring of the LPG transmission spectrum is 
necessary since bend losses can cause attenuation in the spectrum at longer 
                                                                
n
 Labview software controls the dipper. This is integrated with Ocean Optics proprietary software 
capturing the optical response of the spectrometer 
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wavelengths e.g. above 800nm, owing to the positioning of the fibre between the jig 
and the lido.  
The gas chamber is sealed by wrapping a sealing tape around the space between the 
bung and the lid to prevent leaks. Since the fibre is trapped between the sealing tape 
and the bung, the transmission spectrum must be monitored to ensure that bending 
losses are not introduced. If this is the case, the sealing tape is removed, the fibre 
repositioned, and the bung is resealed with tape. 
The Ocean Optics propriety software is used to capture the transmission spectrum at 
regular intervals. The time interval is normally set to 15sp. The signal amplitude 
detected at a particular wavelength is also recorded, and this is set around the centre 
wavelength of the dual resonant attenuation band of the long period grating, e.g. 
800nm for the 100m period LPG, and 900nm for the 180m LPG.  
 
Figure 4.10 The gas chamber is a 1.5 litre jar with an entry point for solvents. The 
fibre entry and exit point between the lid and bung is indicated.  
The solvent under study is introduced into the gas chamber via the aperture in the 
bung, indicated in Figure 4.10. A pipette or syringe is used to insert the liquid into this 
tube. The opening of the tube is sealed immediately afterwards to prevent the egress 
                                                                
o
 It may be possible to use an alternative arrangement for fibre entry. A small section of fibre with 
connectors at each end can be mounted into the lid of the gas chamber and fixed with glue. The gas 
chamber must be of sufficient size to ensure this arrangement does not introduce fibre bend losses. 
p
 The completion time of the sensing experiment is 2-3 hours. 
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of the solvent vapour. Fixed quantities of the solvents were introduced in steps, Table 
4.3, to allow the progressive increase of vapour concentration. 
The solvent was allowed to evaporate inside the chamber, and the progress was 
monitored by observing the change in the long period grating’s transmission spectrum. 
It is reported in Chapter 8 that the optical intensity detected at the centre wavelength 
of dual resonance is seen to increase, Figure 8.6, and the transient is indicative of the 
evaporation taking place, Figure 8.9. Once a steady state or a maximum has been 
reached, then the data was recorded. In the following chapters, the quantities in Table 
4.3 have been related to vapour concentrations in ppm by volume, and density in 
g/m3, for the complete evaporation of the solvent.  
The technique has been developed to allow the chemical selectivity of the sensor to be 
assessed, by repeating the tests with four organic solvents, toluene, benzene, hexane, 
and cyclohexane. The relative sensitivities of four sensors to these vapours have been 
reported in Chapters 8 and 9.  
Table 4.3 Quantities of liquid solvent inside the gas chamber. 
 Solvent 
inserted 
Total solvent 
in chamber 
Step 1 20l 20l 
Step 2 30l 50l 
Step 3 50l 100l 
Step 4 100l 200l 
Step 5 100l 300l 
Step 6 100l 400l 
Once the maximum concentration has been achieved, the lid is opened and the vapour 
is allowed to escape inside a fume cupboard. As the vapour concentration returns to 
zero, the transient response is observed, and some data has been presented on the 
kinetic response of the sensor in Chapter 9. However, this technique is not the best 
suited for this purpose, since the action of opening the lid releases the fibre and any 
bend losses that have been incorporated into the results are removed. A continuous 
gas flow arrangement8 would best suit a more in depth analysis of the sensor’s 
kinetics, to observe the effects of drifts and hysteresis. This technique has been 
reported for the detection of hydrogen9, nitrogen dioxide10, ethanol vapour11, toluene 
vapour and isopropanol vapour12. 
Vapour sensing has been used for the detection of organic solvents since it has certain 
advantages over liquid sensing. The first is the results are free from solvent effects13. 
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For liquid sensing, small quantities of the analyte to be detected must be dissolved in 
water or an organic solvent and this can alter the response. When sensing with 
calixarenes which contain a hydrophobic cavity, the analytes readiness to leave a 
hydrophilic environment to enter a hydrophobic one can affect the results. Also, the 
solvent molecule may itself form a complex with the host molecule. It is possible that 
some solvent molecules form inclusion complexes with the calixarene molecule, e.g. 
chloroform14.  
4.6 SUMMARY 
The practical methodology for the fabrication of a sensor has been presented, a 
process that requires the inscription of an LPG in the fibre and the deposition of a 
coating of thickness of several hundred nanometers onto the fibre in the region of the 
LPG. Since a high level of control in the final coating thickness is required, the 
Langmuir-Blodgett technique has been adopted, which gives molecular scale control 
over this parameter. 
The method of injection of a volatile solvent into a closed chamber has been adopted 
for initial investigations into the vapour sensor characteristics of the sensors fabricated 
in this thesis. This allows for a chemical selectivity of the sensor to be assessed. Some 
preliminary tests on kinetic response have also been performed. However, a 
continuous vapour flow set up would be more suitable for this characterization. 
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CHAPTER 5: LONG PERIOD GRATINGS OPERATING NEAR THE PHASE MATCHING 
TURNING POINT 
5.1 INTRODUCTION 
Fibre optic long period gratings (LPGs) have been extensively investigated for sensing 
applications as a result of their sensitivities to measurands such as temperature1, 
strain1, refractive index2 and curvature3, and because of the ability to tune their 
sensitivity by virtue of the grating period, fibre composition and geometry4,5. It has 
been shown that, for highest sensitivity, the LPG should be designed to couple light 
from the propagating core mode to a cladding mode at a wavelength near the phase 
matching turning point6, which is characterised by the generation of dual resonant 
bands that show sensitivities of opposite sign.  This has been exploited to measure 
temperature and refractive index with high sensitivity6. 
The transmission spectrum of an LPG exhibits a high sensitivity to the optical 
properties of coatings of materials of refractive index higher than that of the cladding 
when the coating is of thickness of order 200 nm7,8,9. This sensitivity has been 
exploited to demonstrate a range of chemical sensors, for example, pH10, copper11 and 
DNA damaging agents12. To date, the studies of the response of LPG transmission 
spectra to the deposition of nanostructured coatings has focused on resonance bands 
corresponding to coupling to the lower order cladding modes, operating at 
wavelengths below their phase matching turning point. In this chapter, the response of 
resonance features designed to appear near the cladding modes’ phase matching 
turning points to the deposition of nanostructured coatings is investigated.  These 
resonance features have been utilized in a pH sensing experiment. 
5.2 THEORY 
A long period grating is a core-cladding mode coupling device, consisting of a periodic 
modulation of the refractive index of the core of a fibre. The modulation typically has a 
period in the range 100m - 1000m and may be induced using a variety of 
techniques, including UV laser irradiation1, CO2 laser irradiation
13 and exposure to an 
electric arc14. Efficient coupling between the core and cladding modes occurs only 
where there is significant overlap between the electric field profiles of the modes. 
Resonant bands corresponding to coupling from the guided core mode to a discrete 
set of symmetrical cladding modes appear in the transmission spectrum of the fibre, 
centred at discrete wavelengths that are governed by the phase matching expression1.  
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where λ(x) represents the wavelength at which coupling occurs to the LP0x mode, ncore is 
the effective refractive index of the mode propagating in the core of the fibre, nclad(x)  is 
the effective index of the LP0x cladding mode,  is the period of the LPG and N is an 
integer representing the order of diffraction. The efficiency of coupling to the 
asymmetric modes is small, and thus in general no attenuation bands corresponding to 
this coupling are visible in the transmission spectrum. 
Calculation of the core and cladding modes’ dispersions allows the prediction of the 
coupling wavelength as a function of the period of the grating. Figure 5.1a shows the 
phase matching curves for LPGs fabricated in an optical fibre with cut-off wavelength 
670nm with periods in the range 350m to 450m and over a wavelength range 
750nm to 1150 nm. These parameters were selected to match the experimental 
constraints imposed by the use of a CCD spectrometer to monitor the transmission 
spectrum of an LPG fabricated in a fibre with cut-off wavelength in the visible region of 
the spectrum.  The data plotted in Figure 5.1 has been calculated using the LP 
approximation to calculate the dispersion of the core and cladding modes23. 
In the regime depicted in Figure 5.1a, the coupling is to the lower order cladding 
modes LP01 – LP08, with the graphs showing a positive gradient across the wavelength 
range. For shorter periods, as shown in Figure 5.1b, coupling takes place to higher 
order cladding modes. The behaviour in this regime is markedly different, with the 
phase matching condition showing a turning point in the wavelength range of interest. 
It should be noted that all cladding modes will exhibit a turning point, however for the 
lower order modes this lies at longer wavelengths, outside the range of interest here. 
It is possible to select a period where the coupling to a single cladding mode occurs at 
two wavelengths. As the period changes, or the difference in the core and cladding 
mode effective indices change in response, for example, to a change in temperature or 
in the surrounding refractive index, the central wavelengths of the dual resonance 
bands move in opposite directions. It has been demonstrated theoretically and 
experimentally that the LPG resonance bands may exhibit their highest sensitivity to 
external perturbations at their phase matching turning point6. To design a device to 
operate at a specified wavelength with high sensitivity to external perturbation, a 
cladding mode and grating period that produce a turning point at that wavelength 
should be selected. 
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(a) 
 
(b) 
Figure 5.1 The relationship between the grating period and the wavelength at 
which coupling occurs to a set of symmetric cladding modes23 (a) for the first eight 
modes (b) for the modes 20 – 25. The numbers refer to the order of the cladding 
mode, LP0x. 
5.3 EXPERIMENT 
LPGs of length 30mm and of period 80μm and 100μm were fabricated in Fibrecore 
SM750, a single mode optical fibre with cut-off wavelength 619nm. The 
photosensitivity of the fibre was enhanced by pressurizing it in hydrogen for a period 
of 2 weeks at 150 bar at room temperature.  The LPGs were fabricated in a point-by-
point fashion, illuminating the fibre by the output from a frequency-quadrupled 
Nd:YAG laser, operating at 266nm. The transmission spectrum of the optical fibre was 
recorded by coupling the output from a tungsten-halogen lamp into the fibre, and 
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analysing the transmitted light using a fibre coupled CCD spectrometer. A typical 
transmission spectrum, illustrating the dual resonance bands, is shown in Figure 5.2a. 
 
(a) 
 
(b) 
Figure 5.2 The transmission spectrum of the LPG of period 80μm with (a) no 
coating and (b) a coating of ω-tricosenoic acid of thickness 110nm. 
The evolution of the resonance bands in response to increasing coating thickness was 
investigated by depositing a film of ω-tricosenoic acid, which has a refractive index of 
1.5715 and a molecular length of 2.6nm15, onto the section of optical fibre containing 
the LPG  using the Langmuir-Blodgett (LB) technique7. The LB technique facilitates 
deposition of the material one molecular layer at a time onto a substrate. The ω-
tricosenoic acid was spread from dilute chloroform solutions (0.1g/l) onto the pure 
water sub-phase (resistivity 0.18Mm) of one compartment of a Nima Technology 
Model 2410A LB trough, left for 20 min at 20◦C, and compressed at 0.5 cm2 s−1 (0.1% 
s−1 of total surface area). Deposition was achieved at a surface pressure of 26mN m−1 
and a transfer rate of 8 mm min−1. The fibre containing the LPG was positioned 
vertically so that its long axis was aligned with the dipping direction and was 
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alternately raised and lowered through the floating monolayer at the air–water 
interface to deposit the coating. The fibre was placed under tension, to ensure no 
bend-induced changes to the transmission spectrum16,17. Transmission spectra were 
recorded after the deposition of each monolayer, with the LPG below and above the 
water sub-phase for alternate layers. The effect of the presence of the coating material 
on the split resonance bands is shown in Figure 5.2b. 
5.4 RESULTS AND DISCUSSION 
The response of the central wavelengths of the resonance bands to layer by layer 
increases in the thickness of the coating deposited onto the LPG of period 80μm is 
illustrated in the grey scale plot shown, Figures 5.3a and 5.3b. Here, a transmission of 
100% is represented by white and 0% by black. The dark line originating at a 
wavelength of 575nm in the uncoated LPG represents the resonance band 
corresponding to first order coupling to the LP0 23 cladding mode. The features visible 
in the range 850nm to 950nm in Figure 5.3b which do no change in wavelength with 
increasing coating thickness are a result of a cavity formed at a mechanical splice in the 
system. 
This resonance band exhibits the typical behaviour reported previously for nanoscale 
coating deposition onto LPGs, in that the resonance band undergoes a blue shift, 
showing a region of high sensitivity that characterises the “mode transition region”, in 
which one of the lower order cladding modes becomes phase matched to a mode of 
the waveguide formed by the coating material. In this region the effective indices of 
the cladding modes change rapidly with increasing coating thickness18,19, which, from 
Equation 5.1, causes a corresponding change in the central wavelength of the 
resonance bands. 
The LPG was designed to access the phase matching turning point of the LP0 24 mode, 
generating two closely spaced resonance bands, centred at  700nm and 750nm, in the 
transmission spectrum of the uncoated 80μm period LPG surrounded by air. As the 
film thickness increases, the central wavelengths of the two bands shift in opposite 
directions, as plotted in Figure 5.4. As the thickness increases beyond the cladding 
mode transition region, the sensitivity to coating thickness reduces. The effect repeats 
as the coating thickness is increased further. 
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(a) 
 
(b) 
Figure 5.3 Evolution of the transmission spectrum of an LPG of period 80m in 
response to the deposition of a coating of  - tricosenoic acid using the Langmuir-
Blodgett Technique (a) with the LPG above the water sub-phase and (b) with the 
LPG below the water sub-phase.  The grey scale represents the measured 
transmission, with white corresponding to 100%, and black to 0%.   
Comparison of Figures 5.3a and 5.3b shows the effect of monitoring the transmission 
spectrum with the LPG above and below the water subphase, as result of the refractive 
index sensitivity of the LPG. This indicates the need to consider the medium in which 
the LPG is immersed for sensing applications. It is interesting to note that, leading the 
response of each of the dominant resonance bands, there is a resonance band of 
considerably reduced extinction. It is suggested that these may correspond to coupling 
to an asymmetric cladding mode. 
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The central wavelength of the resonance band has been measured using polynomial 
curve fitting. It can be seen from Figure 5.4 that the sensitivity of the resonant 
wavelengths to the coating thickness exhibits two gradients. The initial response shows 
a sensitivity to coating thickness of 0.27nm per nm thickness for the red shifted band, 
and - 0.25nm per nm thickness for the blue shifted band, over a thickness range from 
0nm to 180nm. The region of highest sensitivity lies within the transition region, from 
180nm to 300nm thickness, where the peak sensitivity is 0.47nm per nm thickness for 
the red shifted band, and - 0.62nm per nm thickness for the blue shifted band23.  
To investigate the influence of the period of the LPG on the sensitivity of the coated 
LPG to the thickness of the coating, the response of the transmission spectrum of the 
LPG of period 100m was investigated. The results are shown in the grey scale images 
in Figure 5.5. In this case, the phase matching turning point of mode LP0 24 is accessed 
at 800nm for a coating thickness of order 200nm, which is coincident with the onset of 
the first mode transition region. Initially, there is no band in the 800nm wavelength 
range. As the film thickness increases, a broad attenuation band develops and splits in 
two, with the central wavelengths of the two bands shifting in opposite directions, as 
plotted in Figure 5.6.  The peak sensitivity to coating thickness is 0.98nm per nm 
thickness for the red shifted band, and -1.45nm per nm thickness for the blue shifted 
band, over a thickness range from 220nm to 300nm23. The central wavelengths have 
been acquired by fitting a polynomial to the attenuation band profile and recording 
the minima of the polynomial. Clearly, the measurement of the wavelength separation 
of the bands will allow further increased sensitivity.  
 
Figure 5.4 A plot of the wavelengths of the dual resonance bands as a function of 
the thickness of a coating of -tricosenoic acid deposited using the Langmuir-
Blodgett technique onto an LPG of period 80m.  
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To illustrate the improvement in sensitivity, the highest sensitivity exhibited by a 1st 
order coupling resonance band of a 400m period LPG, fabricated in the same type of 
fibre, is 0.5nm per nm thickness20.  It is interesting to note that the 2nd order coupling 
dual resonance bands reported20 to originate at a wavelength of approximately 
800nm, also exhibit sensitivities of order 1nm per nm thickness.  
 
(a) 
 
(b) 
Figure 5.5 Evolution of the transmission spectrum of an LPG of period 100m in 
response to the deposition of a coating of  - tricosenoic acid using the Langmuir-
Blodgett technique; (a) with the LPG above the water sub-phase and (b) with the 
LPG below the water sub-phase.  The grey scale represents the measured 
transmission, with white corresponding to 100%, and black to 0%.   
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The dual resonant bands show their highest sensitivity to external perturbation when 
the band is at the phase matching turning point. Thus the coincidence of the 
generation of the dual resonance band with the onset of the 1st transition region, 
where the cladding mode indices are most sensitive to the coating’s optical 
properties18, ensures that maximum sensitivity is obtained. Careful choice of the 
grating period, taking into account the fibre properties and the refractive index of the 
coating material, is needed to ensure optimum sensitivity. While, in principle, the LPG 
sensor exhibits its highest sensitivity to all external perturbations at the phase 
matching turning point, it should be noted that, appropriate choice of core and 
cladding materials can allow the phase matching condition to specific cladding modes 
to be insensitive to, for example temperature, eliminating cross-sensitivity issues6. In 
addition, cross-sensitivity effects can be minimized by appropriate packaging or by 
exploiting the different sensitivities of each resonance band to different measurands1. 
5.5 SENSING APPLICATION  
To demonstrate the use of the dual resonant bands for a sensing application, a pH 
sensitive coating was deposited onto the fibre cladding in the region of the long period 
grating. A quinolinium dye was selected due to its pH sensitivity; this has a molecular 
structure as shown in Figure 5.7. These long chain molecules and aromatic rings with 
alternating single and double covalent bonds are called conjugated systems21. This 
property gives rise to strong colours, since they have absorption bands in the visible 
region of the spectra. 
 
Figure 5.6 A plot of the wavelengths of the dual resonance bands as a function of 
the thickness of a coating of -tricosenoic acid deposited using the Langmuir- 
Blodgett technique onto an LPG of period 100m. 
650
700
750
800
850
900
200 250 300 350 400
W
a
v
e
le
n
g
th
 (
n
m
)
Coating Thickness (nm)
64 
 
The 100m period grating was selected to perform the sensing experiments, in order 
to benefit from the optimised sensitivity that occurs with coincidence of the phase 
matching turning point and the transition region.  
5.6 PH SENSING EXPERIMENT 
The 1-octadecyl-4-[2-(4-dimethylamino-naphthalene-1-yl)-vinyl]-quinolinium iodide 
dyeq was dissolved in chloroform at 0.1g/l, and spread onto a pure water subphase of 
one compartment of a Nima Technology Model 2410A Langmuir-Blodgett trough. The 
dye was compressed to a surface pressure of 26mN/m. The dipping speed for the fibre 
substrate was set to 15mm/min. Ninety layers of the quinolinium dye were deposited 
giving an estimated coating thickness of ~200nm to obtain two resonant bands in the 
transmission spectrum of the LPG.  
 
Figure 5.7 The deprotonated form of 1-octadecyl-4-[2-(4-dimethylamino-
naphthalene-1-yl)-vinyl]-quinolinium iodide dye. In acidic conditions, a proton is 
gained by the dimethyl amino moiety. 
Sigma-Aldrich, HydrionTM buffer solutions in the range pH2-11 were prepared by 
dissolving the buffer powders in distilled water and adding a colour key buffer 
preservative. The coated long period grating was removed from the trough, and 
mounted in a liquid vessel containing the buffer solution. The response was allowed to 
stabilise for 2 minutes, and the transmission spectrum was recorded. Between each 
application of the buffer solution, the sensor was washed in distilled water. To 
determine the stability of the coating over time, the sensor was left for four days and 
the tests repeated.  
                                                                
q
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5.7 PH SENSING RESULTS 
The response of the quinolinium dye coating to the buffer solution is demonstrated by 
the movement of the LPG sensor’s attenuation bands, Figure 5.8 and Figure 5.9.  
 
(a) 
 
(b)           
Figure 5.8 A long period grating with period 100m, coated with a quinolinium dye 
coating which is pH sensitive. (a) The resonant bands to diverge in wavelength, with 
increasing acidity. (b) The spectrum magnified between 800nm and 875nm around 
the longer wavelength attenuation band.  
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Figure 5.9 The wavelength sensitivity of the attenuation band between 800nm and 
875nm for a long period grating with period 100m, coated with pH sensitive 
quinolinium dye coating . The sensitivity of this feature is -0.55pH/nm. 
The acidic strength of the solution causes protonation of the dimethyl amino group of 
the dye molecule24, which in turn causes a change in the dye molecule’s resonant 
structure of single and double covalent bonds. This changes the molecule’s optical 
absorption in the visible spectrum, which changes the bulk refractive index of the 
coating at these wavelengths21. The long period grating is responsive to changes in the 
refractive index of a material coated on the cladding. The twin attenuations bands 
diverge in wavelength with increasing acidity of the analyte solution, Figure 5.8a. The 
longer wavelength attenuation band is displayed in greater detail in Figure 5.8b, and its 
wavelength sensitivity is measured in Figure 5.9. The central wavelength of the 
attenuation bands have been recorded by capturing the minimum value directly from 
the data in Figure 5.8. The asymmetry in the shape of the attenuation band and 
intensity noise gives an error, which is less than ±0.5%. By linear curve fitting, this 
yields an average value of pH sensitivity of -1.83nm/pH unitr, for the longer 
                                                                
r
 Or -0.55pH/nm 
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wavelength attenuation band. This compares with ~-5nm/pH
s unit for a 37.4m 
diameter tapered optical fibre with the same coating with a thickness of 402nm22. 
 
Figure 5.10 The dual resonant response of the quinolinium dye coated long period 
grating sensor with period 100m, to changes in the analyte’s pH.  
The pH sensing tests were repeated after a period of four dayst. The spectrum had 
changed corresponding to a decrease in thickness or density of the coating. The 
spectrum now showed two attenuation bands with their minima close together in 
wavelength, Figure 5.10. Repeating the pH sensing tests, the separations of the bands 
increased with acidity of the analyte.  
This spectrum is interesting since there are wavelength dependent and amplitude 
dependent elements. The wavelength dependent parts are the two minima that 
diverge in wavelength. The amplitude dependent part is the central maximum located 
between the two minima. This maximum increases in amplitude as the two minima 
diverge. This maximum could be utilised in a system using a detector with a response 
                                                                
s
 Or ~-0.2pH/nm 
t
 This indicates that the quinolinium coating requires further investigation to determine the long term 
stability and repeatability of these measurements. 
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to optical intensity. Here, a light source at a wavelength around that of the central 
maximum would be modulated as a result of changes in the transmission spectrum of 
the LPG in response to an analyte. This configuration could usefully be employed to 
build a simple sensor system. This interesting region of operation has been used in 
Chapters 8 and 9 for a chemical sensing application. In this case, Figure 5.10 serves as a 
useful comparison to Figures 8.6 and 9.10.  
5.8 CONCLUSION 
An investigation of the response of LPG dual resonance bands near the phase matching 
turning point to the deposition of a nanostructured coating has been presented23. 
Appropriate design of the device, taking into account the properties of the optical 
fibre, the period of the LPG and the refractive index of the coating material can ensure 
that the phase matching turning point of the LPG coincides with the mode transition 
region that characterises LPGs with nanostructured coatings. This is further analysed in 
the next chapter. Achieving this ensures optimum sensitivity to the coating’s optical 
properties. 
The ability to deposit, in a layer by layer fashion, materials onto an LPG that change 
their optical properties in response to a chemical analyte10,11,12, offers the prospect for 
the development of optical chemical sensing. This has been demonstrated with a LPG 
sensor coated with 90 layers of a quinolinium dye. This material can be reversibly 
protonated, thus forming an optical pH sensor, and has been measured with a 
sensitivity of -0.55pH/nm.   
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CHAPTER 6: SYSTEMATIC EXPERIMENTAL INVESTIGATION OF THE DUAL 
RESONANCE PHENOMENON 
6.1 INTRODUCTION 
Long Period Gratings (LPGs) are devices that couple energy from the guided core mode 
to a discrete set of co-propagating symmetric fibre cladding modes1. A finite number of 
symmetric cladding modes are supported, denoted by LP0x, which form concentric 
rings, where x denotes the number of rings2. For example, the modes LP03, LP06, LP08 
and LP0 16, are shown in Figure 6.1. These images are created by coupling light from a 
tunable laser operating at the core-cladding mode resonance wavelength into the 
fibre, and capturing the near field pattern from the distal end of the fibre with an 
infrared camera2. 
 The LPG induces resonance wavelengths which are given by  
    


where λ(x) represents the wavelength at which coupling occurs to the LP0x mode, ncore is 
the effective refractive index of the mode propagating in the core of the fibre, nclad(x)  is 
the effective index of the LP0x cladding mode, N is an integer representing the order of 
diffraction and  is the period of the long period grating3.  
 
Figure 6.1 The near field images of four cladding modes of the fibre; (a) LP03, (b) LP06, 
(c) LP08 and (d) LP0 16, coupled into selectively by the LPG. The grating pitches are; (a) 
590m, (b) 410m, (c) 295m, (d) 100m2. 
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Equation 6.1 indicates that resonant coupling of energy between the modes occurs at 
wavelengths substantially less than the grating period, in contrast to the action of a 
Fibre Bragg Grating, which interacts with light of wavelength twice the period. The 
closeness of the effective refractive indices of the core mode and the modes of the 
cladding, around the actual refractive indices of the core and cladding, typically a 
difference of ~1%
4, gives rise to the large difference in grating period and resonance 
wavelength. 
For long period gratings, a phenomenon called dual resonance occurs5, and is defined 
by a cladding mode having two resonance wavelengths. This is predicted by the phase 
matching curves, a plot of the relationship between grating period and resonance 
wavelengths for each cladding mode, each of which contains a turning point, see 
Figure 2.6. This phenomenon is manifest in attenuation bands that display opposite 
sensitivities to external index of refraction6, cladding coating thickness7 or coating 
refractive index8. 
In this chapter, the dual resonance phenomenon has been explored in a number of 
long period gratings of different period, and the cladding mode resonances have been 
analysed in order to draw some conclusions on the systematic behaviour of these 
devices. 
6.2 PHASE MATCHING CURVES 
The phase matching curves generated by the solution to Equation 6.1 give a complete 
set of the wavelength resonances that occur in a long period grating. They can be 
observed in a plot of grating period verses resonance wavelength, see Figure 2.5 and 
2.6, and are calculated using the method described in 9. 
The phase matching curves could also be obtained experimentally by writing many 
long period gratings of differing period and recording the resonance frequencies, then 
identifying each mode and plotting the resonance wavelengths as a function of 
period2.  
An alternative method2 to this has been proposed in which tilted FBGs are fabricated in 
optical fibre, and the core mode and the contra-propagating cladding mode 
resonances are identified in the reflection spectrum. From this, the effective indices 
can be calculated using the typical formulae that describe a tilted FBG10. This allows the 
wavelength dependence of the effective refractive index of each mode, to be plotted. 
Plotting these curves for the tilted FBGs allows the effective indices of the core and 
cladding modes within that fibre type to be determined, for all wavelengths over the 
measured spectrum. The effective refractive index values determined via this method 
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may then be used in Equation 6.1 to facilitate the plotting of the phase matching 
curves. 
The phase matching curves can be used to great effect to show the dual resonance 
phenomenon. At the phase matching turning point where the gradient of grating 
period over wavelength equals zero, a single attenuation band appears in the 
transmission spectrum of the LPG. At this point, the grating is at its most sensitive to 
external effects (temperature, strain, ambient refractive index). This is an important 
consideration for sensor design11. Here, the extinction ratio of the attenuation band 
changes in response to an external perturbation, e.g. strain12. This subsequently splits 
into the dual resonance feature, see Chapter 5. 
By depositing a high refractive index (HRI) coating on the fibre cladding, the response 
of the cladding mode to the increase in coating thickness can be monitored. The 
coupling wavelength of the cladding modes is dependent upon the coating thickness13, 
since the addition of the coating changes the waveguiding properties of the cladding. 
This means that as the coating thickness is changed, the wavelength at which the 
phase matching between core and cladding is satisfied will also change. Cladding 
modes can also become guidedu by the coating, when the coating is of sufficient 
optical thickness. This causes a modal redistribution of all the cladding modes14, which 
exhibit a near step change in effective index, see Figure 2.3, with a corresponding 
change in resonance wavelength when the coated region contains an LPG. In this 
region, the cladding mode resonances exhibit high sensitivity to changes in the coating 
thickness or refractive index. If this effect is harnessed together with the dual 
resonance phenomenon, then optimum sensitivity can be obtained. 
The results in the following sections show the transmission spectral response plotted 
for a number of long period gratings as a coating is gradually applied to the fibre. 
6.3 EXPERIMENT FOR THE MEASUREMENT OF DUAL RESONANT LPGS 
Using the predictions for the dual resonance phenomenon from the phase matching 
curves, long period gratings of period in the range 80m to 180m were fabricated, 
using UV inscription by the point by point technique15. The fibre used was hydrogen 
loaded single mode fibre, SM750, with cut-off wavelength 619 nm.  
To characterize the long period grating response, each device was in turn coated using 
the Langmuir-Blodgett (LB) technique with the three materials; -tricosensoic acid, 
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undecyl-calix[4]resorcarene and tert-butyl-calix[8]arene carboxylic acid. See Tables 6.1 
and 6.2.  
Table 6.1 Fabrication parameters for three coating materials 
HRIv Material Chloroform Solvent 
Concentration (g/l) 
Surface Pressure 
(mN/m) 
Dipping Speed 
(mm/min) 
Tricosenoic Acid 0.1-0.14 26 8-12 
Calix[4]resorcarene 0.2 28-30 12-20w 
Calix[8]arene 0.13 26 20 
Each coating material was in turn dissolved in chloroform according to Table 6.1, and 
spread onto a pure water subphase of one compartment of a Nima Technology Model 
2410A Langmuir-Blodgett (LB) trough. The material was compressed to the surface 
pressure recorded in Table 6.1. The dipping speed for the fibre substrate is also 
recorded in Table 6.1.   
A tungsten-halogen lamp with a broadband spectrum extending from 550nm to 
1050nm, was coupled via sma optical connectors into the fibre, and the distal end of 
the fibre was connected via sma optical connectors into an Ocean Optics CCD 
spectrometer of resolution 0.3 nm. The transmission spectrum of the fibre was 
recorded when the LPG was above and below the water subphase. However, the 
results presented in the following sections are exclusively from the air subphase i.e. 
above the water subphase. These have greater relevance since the work presented in 
Chapters 8 and 9 deals with chemical vapour sensing. In this regime of operation, the 
air subphase is the ambient environment of the LPG sensor in which the analyte 
vapour is introduced.  
6.4 CHARACTERIZATION OF COATED LONG PERIOD GRATINGS 
The long period gratings were dipped with alternating monolayers of the coating 
material to form a Y-type LB film. The dipping was fully automated to allow the 
deposition of coatings of thickness in excess of 1m, and in some cases in excess of 
2m. This ensured that full development and evolution of the dual resonant 
attenuation bands could be observed.  
                                                                
v
 High Refractive Index 
w
 Better results were obtained with 20mm/min. The dipping speed may affect the shape of the 
meniscus, which changes the angle of the orientation of the molecules. This dipping speed also 
determines the overall length of time of the deposition process. These factors could affect the structure 
of the final coating. 
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Table 6.2 Physical parameters of three coating materials  
LPG Coating Material Monolayer 
thickness (nm) 
Refractive 
Index 
-Tricosensoic Acid 
 
2.616 
 
1.5716 
 
Undecyl-calix[4]resorcarene 
 
1.1717 
 
1.4717 
 
Tert-butyl-calix[8]arene derivative 
 
1.0818 
 
1.2118x 
 
                                                                
x
 The quoted figure obtained using ellipsometry appears to be incorrect as the results obtained with an 
identical material show that the spectral response is typical of a HRI material, meaning that the 
refractive index must be greater than the cladding refractive index, approximately 1.45 
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The grey scale spectrum plots show how the attenuation bands behave with increasing 
coating thickness. Figure 6.2 is a typical plot, in which the dark features are the 
attenuation bands, which are graded with extinction with the darker regions 
representing higher extinction.  
The mode transition region occurs when the coating is of sufficient optical thickness, 
and the cladding modes undergo a reorganisation when one cladding mode becomes 
guidedy by the coating. This is the cause of the near step change in wavelength of the 
attenuations band indicated in Figure 6.2, and is notionally the first transition region, 
see Section 2.2. A second transition region is apparent when a further cladding mode 
can become guided by the coating when it has sufficient thickness or refractive index.  
 
Figure 6.2 A long period grating with a coating of tert-butyl-calix[8]arene. The grating 
period is 180m. The phase matching turning point is identified at approximately 
900nm. The first and second transition regions are also indicated. 
The phase matching turning point (pmtp) is shown occurring at 900nm. Light is 
coupled into a cladding mode with the development of a single broad attenuation 
band appearing in the transmission spectrum of the LPG. As the coating thickness is 
increased further, the attenuation band divides into two, the dual resonance 
phenomenon. Here, light is coupled into the same cladding mode at two wavelengths. 
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Since the dual resonance attenuation band is in close proximity to the transition 
region, this gives near optimum sensitivity to changes in the external coating of the 
fibre.   
Four gratings of differing period were coated with tricosenoic acid. The coating 
thickness, as determined by the number of pairs of monolayers deposited, is indicated 
on the ordinate axis. It is clear from Figure 6.3 that the phase matching turning point 
(pmtp) increases in wavelength as the period of the grating increasesz. It is also clear 
that the first transition region and the phase matching turning point coincide for 
grating periods of 140m and 180m for this coating material. 
Despite using a coating material with a different refractive index and molecular length, 
the results presented in Figure 6.4 show many similarities with the previous set. 
However, the transition region and the phase matching turning point are coincident 
only for a long period grating of period 140m.  
The third coating material, calix[8]arene has been used to generate the grey scale plots 
in Figure 6.5. The images have a particular clarity meaning that the coating is free from 
defects that cause light scattering19. This amphiphilic molecule may be especially well 
suited to Langmuir-Blodgett deposition. The features visible in the range 900nm to 
1050nm of Figures 6.5c and 6.6c are a result of a cavity formed at a mechanical splice 
in the systemaa. 
The shape of the attenuation band centred at the phase matching turning point is 
clearly shown, with their subsequent evolution into dual resonant attenuation bands. 
The first three transition regions are recorded in Figure 6.6. The shape of each dual 
resonance attenuation band changes as the coating is deposited. The loss of extinction 
of the attenuation bands at thicker coatings could be due to an increase in light 
scattering from the coating due to dislocations in the film. These will build up as more 
layers are deposited. Alternatively, the loss of extinction could be because the coupling 
to the cladding becomes more broadband in nature as the cladding waveguide 
becomes less well defined, either because of the presence of the coating itself or the 
roughness of the perimeter surface of the coating.  
                                                                
z
 For the 140m period grating, the dual resonant attenuation band has asymmetry. The lowest layer 
where coupling occurs to the dual resonant attenuation band is used to the determine the pmtp . 
aa
 The bare fibre adaptors are problematic and this was overcome in the other results by splicing patch 
cords with sma connectors directly to the grating. This is the appropriate connectorization allowing 
stable and efficient coupling to the spectrometer and light source. 
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Coating = Tricosensoic Acid,  = 80m, length = 30-35mm, Phase Matching Turning Point = 720nm 
Coating Thickness at pmtp = (< 0) 
 
(a) 
Coating = Tricosensoic Acid,  = 100m, length = 30-35mm, Phase Matching Turning Point = 824nm 
Coating Thickness at pmtp = 234nm 
 
(b) 
Figure 6.3 Evolution of the spectra of long period gratings with periods; (a) 80m, (b) 
100m, coated with tricosenoic acid recorded in the air subphase, in response to the 
deposition of the coating.  
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Coating = Tricosensoic Acid,  = 140m, length = 30-35mm, Phase Matching Turning Point = 740nm 
Coating Thickness at pmtp = 338nm 
 
(c) 
Coating = Tricosensoic Acid,  = 180m, length = 30-35mm, Phase Matching Turning Point = 860nm 
Coating Thickness at pmtp = 364nm 
 
(d) 
Figure 6.3 Evolution of the spectra of long period gratings with periods; (c) 140m 
and (d) 180m, coated with tricosenoic acid recorded in the air subphase, in 
response to the deposition of the coating. 
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Coating = Undecyl-calix[4]resorcarene,  = 80m, length = 16mm, Phase Matching Turning Point = 730nm 
Coating Thickness at pmtp = (<0) 
 
(a) 
Coating = Undecyl-calix[4]resorcarene,  = 100m, length = 23mm, Phase Matching Turning Point = 815nm 
Coating Thickness at pmtp = 316nm 
 
 
(b) 
Figure 6.4 Evolution of the spectra of long period gratings with periods; (a) 80m, (b) 
100m, coated with calix[4]resorcarene recorded in the air subphase, in response to 
the deposition of the coating. 
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Coating = Undecyl-calix[4]resorcarene,  = 140m, length = 30-35mm, Phase Matching Turning Point = 760nm 
Coating Thickness at pmtp = 269nm 
 
(c) 
Coating = Undecyl-calix[4]resorcarene,  = 180m, length = 30-35mm, Phase Matching Turning Point = 925nm 
Coating Thickness at pmtp = 339nm 
 
(d) 
Figure 6.4 Evolution of the spectra of long period gratings with periods; (c) 140m 
and (d) 180m, coated with calix[4]resorcarene recorded in the air subphase, in 
response to the deposition of the coating. 
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Coating = Tert-butyl-calix[8]arene,  = 80m, length = 16mm, Phase Matching Turning Point = 730nm 
Coating Thickness at pmtp = (< 0) 
 
 
(a) 
Coating = Tert-butyl-calix[8]arene,  = 100m, length = 23mm, Phase Matching Turning Point = 831nm 
Coating Thickness at pmtp = 266nm 
 
(b) 
Figure 6.5 Evolution of the spectra of long period gratings with periods; (a) 80m, (b) 
100m, coated with calix[8]arene recorded in the air subphase, in response to the 
deposition of the coating.  
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Coating = Tert-butyl-calix[8]arene,  = 140m, length = 35mm, Phase Matching Turning Point = 930nm  
Coating Thickness at pmtp = 324nm 
 
(c) 
Coating = Tert-butyl-calix[8]arene,  = 180m, length = 30-35mm, Phase Matching Turning Point = 911nm  
Coating Thickness at pmtp = 242nm 
 
(d) 
Figure 6.5 Evolution of the spectra of long period gratings with periods; (c) 140m 
and (d) 180m, coated with calix[8]arene recorded in the air subphase, in response 
to the deposition of the coating.   
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Coating = Tert-butyl-calix[8]arene,  = 80m, length = 16mm, Phase Matching Turning Point = 730nm 
Coating Thickness at pmtp = (<0) 
 
(a) 
Coating = Tert-butyl-calix[8]arene,  = 100m, length = 23mm, Phase Matching Turning Point = 831nm 
Coating Thickness at pmtp = 266nm 
 
(b) 
Figure 6.6 Evolution of the spectra of long period gratings with periods; (a) 80m, (b) 
100m, coated with calix[8]arene recorded in the air subphase, in response to the 
deposition of the coating.  
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Coating = Tert-butyl-calix[8]arene,  = 140m, length = 35mm, Phase Matching Turning Point = 930nm  
Coating Thickness at pmtp = 324nm 
 
(c) 
Coating = Tert-butyl-calix[8]arene,  = 180m, length = 30-35mm, Phase Matching Turning Point = 911nm  
Coating Thickness at pmtp = 242nm 
 
(d) 
Figure 6.6 Evolution of the spectra of long period gratings with periods; (c) 140m 
and (d) 180m, coated with calix[8]arene recorded in the air subphase, in response 
to the deposition of the coating.  
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6.5 INTERPRETATION OF THE DATA 
Data on long period gratings that have been fabricated in the laboratory and 
subsequently coated to date has been collected.   
 
Figure 6.7 The wavelength at which coupling to a symmetric cladding mode occurs at 
the phase matching turning point, compared with grating period, for coated long 
period gratings. 
The plot of the wavelength of the phase matching turning point verses the grating 
period for different coating materials shows that the coupling wavelength increases 
with grating period. The trend for tricosenoic acid in Figure 6.7 indicates this, with all 
three coating materials showing a similar characteristic. The phase matching curves, 
see Figures 2.6 and 5.1, indicate that the phase matching turning point will increase in 
wavelength as the period of the LPG is increased. 
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Next, the dual resonant phenomenon is analysed in terms of the layer thickness where 
coupling to a symmetric cladding mode is seen. The plot shows the coating thickness 
required for coupling to a symmetric cladding mode at the phase matching turning 
point, and is compared with the grating period, Figure 6.8. 

Figure 6.8 The coating thickness allowing coupling to a symmetric cladding mode at 
the phase matching turning point, is compared with the grating period, for many 
coated long period gratings.  
It can also be observed that for long period grating with periods 140m to 180m, the 
coating thickness required for coupling to a dual resonant cladding mode is less for a 
calixarene coating than for tricosenoic acid. The groupings for gratings coated with 
tricosenoic acid, and either of the two calixarenes are highlighted in Figure 6.8, for the 
gratings with periods above 140m. It would therefore be natural to deduce that the 
calixarenes deposit as a denser coating with the higher refractive index, allowing 
access to the dual resonant cladding mode with a thinner coating. However, Table 6.2 
indicates that the tricosenoic acid has the highest refractive index and therefore the 
greater density.  
One can question the values of refractive index recorded in the literature since it has 
been noted that a value recorded for the refractive index of tert-butyl calix[8]arene 
carboxylic acid derivative of 1.2118 appears incorrect since our responses obtained with 
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this identical material shows the typical responses of HRI coatings. This means that the 
refractive index of this coating must be greater that the cladding refractive index, 
~1.45.  
It should be noted that the technique and execution of the deposition of the coating 
must cause the density and therefore the refractive index of the coating to vary, 
especially if the execution is defective in some regard.  Although the figure quoted was 
from a coating laid down using the Langmuir-Blodgett technique, it may be the result 
of a different deposition speed outside the range recorded in Table 6.1. This may affect 
how neatly the molecules pack together, and the meshing of the alkyl chains. These 
considerations must clearly result in changes to the final density of the coating.  
6.6 GRATING PERIOD OPTIMISATION 
Different features in the transmission spectrum of the LPG arise, some of which are 
specific to the period of the LPG. These are identified.  
At a LPG period of 80m, the dual resonance attenuation bands appear in the 
spectrum of the uncoated fibre. This would allow sensors with a coating thickness of a 
few monolayers to be fabricated, whilst still exploiting the dual resonance attenuation 
bands. These sensors may have advantages of short response and recovery times. It 
may be necessary to fine tune the grating period to tailor the resulting transmission 
spectrum to one where the dual resonant attenuation bands are closer in wavelength, 
to achieve a spectrum resembling Figure 5.10. 
A coated 100m period long period grating develops the dual resonance attenuation 
band centred at a wavelength of ~800nm. This is in a region close to the cut-off 
wavelength of the fibre, and it is beneficial to operate at wavelengths close to the cut-
off wavelength of the fibre in order to reduce the affect of bend losses. 
When a coating is deposited, long period gratings with a period of 140m have been 
shown experimentally in Figures 6.3 and 6.4 to be the best optimized for coincidence 
of the phase matching turning point and the first transition region. This was observed 
with an LPG deposited with a tricosenoic acid coating of thickness ~360nm, and for a 
calix[4]resorcarene coating with a thickness of ~280nm. If this phenomenon is 
harnessed, then optimized sensitivity for sensor design can be realized. 
A coated LPG with a period of 180m has been used in Chapter 8 to demonstrate 
chemical sensing. This grating period resulted in a transmission spectrum with the dual 
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resonant attenuation bands having similar extinction ratios, see Figure 8.6bb. A 
spectrum which contains attenuation bands with high extinction ratios will make the 
location of the centre wavelength of the attenuation bands more accurate. This is 
relevant for sensing applications. 
6.7 CONCLUSIONS 
Dual resonance in long period gratings has not been widely reported, and there has 
been no systematic investigation of the character and nature of these devices. With 
this in mind, four long period gratings have been fabricated, each of differing period in 
the range 80m-180m; this was selected to match the the operational range of a CCD 
spectrometer used to monitor the transmission spectrum of an LPG. Each LPG was 
coated with three materials, each material having a different refractive index. This is in 
order to observe the trends in the spectrum of the devices, and this has been 
illustrated in Figures 6.3 through to 6.6. 
It has been learnt that if a sensor is to be made exploiting dual resonance, the 
selection of the grating period can determine the required coating layer thickness, the 
sensors operating wavelength, the sensitivity by its proximity to the transition region, 
or the shape of the dual banded spectrum. Although these cannot all be optmised 
simultaneously by controlling only the grating period, the application of the sensor 
may point to their respective priorities.  
  
                                                                
bb
 The grating was coated with calix[4]resorcarene 
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CHAPTER 7: INVESTIGATION OF LENGTH APODIZED PHASE SHIFTED LPGS WITH 
COATINGS 
7.1 INTRODUCTION 
The long period grating couples light from the core into the cladding and this occurs at  
the Bragg resonance wavelengths, see Chapter 2. The coupling influences the 
transmission spectrum of the fibre, introducing drop outs or attenuation bands at the 
Bragg resonance wavelengths. In this way, long period gratings are inherently band-
rejection devices1; 2. 
Usually, the long period grating contains a regular phase structure that forms a grating 
which can be described by repeating 2 phase shifts, and this is referred to as the 
period of the grating, . Phase shifted long period gratings on the other hand contain 
phase shifts that deviate from 2. A phase shifted long period grating with a single  
phase shift in the centre of the grating produces a transmission spectrum in which 
each resonance contains a maxima at the Bragg resonance wavelength with two 
attenuation bands either side, a result of interference between light coupled into the 
cladding modes by the two sections of grating either side of the phase step. This 
creates a band pass response, as illustrated in Figure 7.1. 
 
Figure 7.1. The transmission spectrum showing the attenuation bands located either 
side of the Bragg resonance wavelengthcc. The two bands are the result of phase 
shifts in the LPG. 
                                                                
cc
 This plot was obtained from a length apodised phase shifted LPG of period 100m and length 27mm 
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This concept can be extended by incorporating a number of equidistant  phase shifts 
along the grating. Here the attenuation bands become sharper with a narrower 
FWHMdd bandwidth3. However side lobes are introduced between the attenuation 
bands. Four side lobes are shown in the centre of Figure 7.2a. These are generally 
undesirable with regard to the passband response. For telecommunication 
applications, the side lobes would correspond to passband ripple in a wavelength 
bandpass optical filter. 
 
Figure 7.2 The spectral response of (a) a six section LPG with five equally spaced  
phase shifts, and (b) a six section LPG with apodised phase shifts4 
To eliminate the side lobes, length apodization can be performed. This entails the 
spacing of the  phase shifts such that they located along the grating in a Gaussian 
distribution. In this way, the passband between the two attenuation bands can be 
designed to be practically free from side lobes4. This is illustrated in Figure 7.2b. This 
passband response would have uses in the construction of an optical wavelength filter 
for applications in dense wavelength division multiplexed fibre optic communications 
networks. 
                                                                
dd
 Full Width Half Maximum 
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The motivation to reproduce this phenomenon is to observe the effects of length 
apodization at the phase matching turning point. Here, light is coupled into the same 
cladding mode at two wavelengths5, see Chapter 2. It is also known as dual resonance6. 
The interplay of dual resonance with the two attenuation bands arising from the phase 
shift has not been investigated before and is the subject of this Chapter. 
To this end, a grey scale plot of a length apodized phase shifted LPG when coated with 
a high refractive index (HRI) film has be produced. The coating allows the dual 
resonance spectrum to be obtained, see Chapter 5. Furthermore, the effect of partially 
coating a length apodized phase shifted LPG has been explored. An interesting effect 
of bandgaps appearing in the attenuation bands occurs, observed in the transition 
region7. 
7.2 PHASE SHIFTED LONG PERIOD GRATINGS  
Some studies have been reported in the scientific literature on the design of phase 
shifted long period gratings2-4; 8-12. These devices allow manipulation of the transmission 
response resulting from coupling to each cladding mode. Considering coupling to one 
such cladding mode, a centrally placed single phase shift of  gives rise to two equal 
attenuation bands in the spectra, Figure 7.1. This is a result of converting destructive 
interference into constructive interference at the Bragg resonance wavelength4. Here, 
this interference occurs between the light coupled into the cladding from the two 
sections of the grating, separated by the phase shift. 
 
Figure 7.3 Phase Shifted PSLPG transmission for different phase shifts  = 0 to 
Image from 11 
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The affect of changing this phase shift from  down to /4 has been reported11. Here, 
the attenuation bands become of non-equal extinction and the central maxima moves 
to shorter wavelengths, Figure 7.3. 
Moving the position of the phase shift from the centre of the grating has also been 
investigated4. Here a  phase shift was located at L/5 and 2L/5 where L is the length of 
the grating. Here, the spectrum containing two closely spaced attenuation bands and a 
bandpass feature between them changes to one where the two attenuation bands 
coalesce, and become unresolved. This broad single attenuation band may be 
desirable for the design of band rejection filters. 
In order to extend the design envelope further, it is necessary to introduce more than 
one phase shift along the length of the grating, such that the grating has multiple 
sections, separated by phase shifts. It has been shown that the separation of the two 
attenuation bands resulting from coupling to the same cladding mode is linearly 
proportional to the number of sections in a phase shifted LPG. For a  phase shifted 
LPG reported with six sections, with a grating period of 100m and a length of 40mm, 
the wavelength separation of the two attenuation bands resulting from coupling to the 
same cladding mode is approximately 10nm. For 12 sections, the wavelength 
separation is 20nm4. The spectrum can also be modified by controlling the grating 
length. The FWHM bandwidth of these attenuation bands show a nearly inversely 
linear dependence with the grating length, with the bandwidth narrowing with greater 
grating length12. 
Side lobes in the frequency spectra can occur between the attenuation bands which 
can be removed by the technique of length apodization3; 4. Here, the  phase shifts are 
spaced in a Gaussian distribution. Again, the separation of the pair of attenuation 
bands resulting from coupling to a single cladding mode increases linearly with the 
number of phase shift sections in the grating, but is about 60% of the separation of the 
attenuation bands when compared to those obtained for LPGs with equidistant phase 
shifts2.  
Long period gratings with “phase shifted phenomena”13 which contain multiple 
interference fringes in their spectra have also been observed for LPGs without the 
need to fabricate phase shifts in the grating period. Examples of these devices are 
cascaded LPGs that have a short separation11; 14, LPGs in which the mark space ratio 
varies over the length of the grating i.e. the spatial refractive index modulation profile 
changes along the length of the grating8, applying a coating with a refractive index 
ncoating =1.54 to the LPG whereupon there is a partial removal of the central region of 
the LPG coating13, and partial removal of the cladding through selective etching9.  
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One of the advantages of introducing a band pass feature in the transmission spectrum 
is that it does allow these devices to operate in single-ended reflection mode by the 
incorporation of a mirror at the distal end10. In this case, the optical power received is 
not compromised by a high level of in-band attenuation on the forward and return 
transit that would occur in a sensor that utilized rejection bands. 
7.3 LPG FABRICATION 
Phase shifted LPGs are simply LPGs that contain one or more step changes in the phase 
of the grating. Here, the step change is /2 in the period of the grating. They are 
straightforward to construct using the point by point UV inscription technique15 by 
appropriate programming of the movement of the translation stage.  A device has 
been made based on the fabrication recipe for a length apodized phase shifted LPG3, 
and is defined in Figure 7.4. A period of 100m has been chosen to obtain operation in 
the region of the phase matching turning point5, see Chapter 5. The fibre used is 
hydrogen-loaded single mode fibre, SM750 that has a cut-off wavelength of 619nm. 
The fabrication recipe has been adapted to ensure that a period of 100m resulted in a 
grating of length 27mm, a typical length for a regular spaced LPG of this period, see 
Chapter 6.  
The resulting transmission spectrum, shown in Figure 7.5, was recorded using a 
tungsten-halogen lamp and an Ocean Optics CCD spectrometer of resolution 0.3nm. 
This spectrum has two attenuation bands, with a separation of about 20nm, with a 
fully resolved passband centred at ~660nm. All these features are a result of coupling 
to the same cladding mode. However an additional side-lobe located outside the two 
attenuation bands was present. This is a by-product of length apodization3. This arises 
from the interference of the light coupled into the cladding from each section of the 
grating. 
These features in the spectra are repeated centred at ~610nm, resulting from coupling 
to a different cladding mode. These results indicate the level of resolution of the two 
attenuation bands that can be obtained, considering sources of imperfection that can 
arise in the fabrication process, e.g. tracking errors, inaccurate setting of the mark 
space ratio and other inconsistencies with the UV inscription experimental set up. 
 
100 
 
 
Figure 7.4 The fabrication recipe used here for a length apodised phase shifted long 
period grating, adapted from 3. This is a six section device, with the number of 
periods, 12, 42, 81, 81, 42, 12, shown for each section of the grating. 
Between each section is a  phase shift, i.e. /2. 
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Figure 7.5 The transmission spectrum obtained from a length apodised phase shifted 
LPG of period 100m and length 27mm. The two attenuation bands are the result of 
phase shifts in the LPG. The side-lobe as indicated is a known by-product of length 
apodisation3.  
7.4 COATING OF THE LPG 
To investigate the affect of coatings on length apodized phase shifted LPGs, a grating 
coating was deposited using the Langmuir-Blodgett technique, using a Nima 
Technology Model 2410A Langmuir-Blodgett trough modified for use with fibre optic 
substrates16. The coating material was ω-tricosenoic acid5 which was dissolved in 
chloroform at 0.14g/l. This material has a refractive index higher than the cladding, 
and has been used to investigate the effect of HRI coatings on the transmission 
spectrum of the LPG, see Chapter 5. This solution was spread onto a pure water 
subphase of one compartment of the trough, and was compressed to a surface 
pressure of 26mN/m. The transfer rate was 12mm/min.  
The evolution of the transmission spectrum of the length apodized phase shifted long 
period grating was recorded during the coating process, in order to investigate the 
behaviour at the phase matching turning point. A coating thickness in excess of 
0.75m was applied to the fibre, with each layer having a coating thickness of 2.6nm, 
see Table 6.2. The transmission spectrum was recorded above and below the water 
subphase, by coupling the output from a tungsten-halogen lamp into the fibre and 
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connecting the distal end of the fibre to an Ocean Optics CCD spectrometer of 
resolution 0.3nm.  
7.5 RESULTS 
The transmission spectrum in Figure 7.6 shows the formation of a number of features 
that evolve as the coating is deposited. A single attenuation band occurs at 73 layers, 
and this is the single broad attenuation band that occurs at the onset of dual 
resonance, see Chapter 5. With the deposition of another 10 layers, the broad 
attenuation band splits into two resolvable attenuation bands at 83 layers. These two 
attenuation bands move apart in wavelength with a deposition of further layers, from 
93-123 layers. So far, this is the typical dual resonant response for LPGs operating at 
the phase matching turning point. 
However, some further spectral features are observable arising from the phase shifts 
present in the LPG. The spectral pattern described above repeats itself. Another single 
attenuation band appears at 103 layers, arising from operation at the phase matching 
turning point, with a further two attenuation bands developing at 113 layers. 
Consequently, a total of four attenuation bands are visible which proceed to diverge in 
wavelength between 113-123 layers.  
To interpret the data further, the same transmission spectra is shown using a grey 
scale plot, Figure 7.7. The darker regions of the grey scale represent optical loss. The 
results from above the water subphase show the evolution with coating thickness of 
two discrete sets of dual resonance attenuation bands, identified in Figure 7.7 as (1) 
and (2). This is a result of the combination of both operation at the phase matching 
turning point, see Chapter 5, and the phase shifts present in the structure of the LPG. 
The dual resonance attenuation band depicted in Figure 7.7 (2) has a closer proximity 
to the transition region. In Chapter 5, it was described how the proximity to the 
transition region results in a different sensitivity of the dual resonance attenuation 
band to the coating’s optical properties. Therefore, the differing proximity of each dual 
resonance attenuation band (1) and (2) to the transition region will give differing 
sensitivities to the optical properties of the coating.  
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(a) 
 
(b) 
Figure 7.6 The evolution of the spectrum of a length apodized phase shifted LPG 
upon deposition of layers of ω-tricosenoic acid, recorded above the water subphase. 
(a) layers 73-93 (b) layers 103-123.   
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Figure 7.7 The evolution of the attenuation bands with applied coating thickness to 
the cladding of a length apodized phase shifted long period grating. When the 
coating is of sufficient thickness, ~200nm, two pairs of dual resonant attenuation 
bands appear, (1) and (2), at a wavelength in the region of 800nm. This spectrum was 
recorded above the water subphase. 
7.6 PARTIAL COATING OF THE LENGTH APODIZED PHASE SHIFTED LPG 
To take the investigation further, the effect of partially coating the length apodized 
phase shifted long period grating was studied. Starting at one end of the grating, half 
the grating length was coated with tricosenoic acid. The results are presented in 
Figures 7.8 using a grating fabricated in SM750 fibre with cut-off wavelength of 
619nm, and Figure 7.9 using a grating fabricated to the same recipe, see Figure 7.4, but 
using another batch of fibre with a cut-off wavelength of 669nm. 
When the transmission spectrum is plotted as a grey scale, it is apparent that an affect 
which for the purposes of this thesis are described as bandgaps, appear in the 
attenuation bands. These are a result of only coating 13.5mm of the grating, half of the 
length of the grating. 
105 
 
 
Figure 7.8 The evolution of the spectrum of a length apodized phase shifted long 
period grating upon deposition of layers of ω-tricosenoic acid to half the length of 
the grating. Bandgaps appear in the attenuation bands, and are clearly visible at 
~700nm. This spectrum was recorded above the water subphase. 
 
Figure 7.9 The evolution of the spectrum of a length apodized phase shifted long 
period grating upon deposition of layers of ω-tricosenoic acid to half the length of 
the grating. Bandgaps appear in the attenuation bands, and are visible at ~900nm. 
This spectrum was recorded above the water subphase. 
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The bandgaps are essentially cladding mode bandgaps where coupling is prevented 
from the core to the cladding mode over a narrow wavelength band. The phase shifted 
grating can be considered as two gratings of continuous phase that are spatially 
interleaved, which are referred to here as the two grating segments. By coating half 
the entire grating length, this is equivalent to an unequal coating applied to the two 
grating segments. Therefore, we would expect to see interference effects arising from 
a phase difference of the light coupled into the cladding, resulting from differing 
thicknesses of coating applied to each grating segment. 
To understand this spectrum more fully, a standard 100m long period grating was 
partially coated along half the grating length, Figure 7.10. Here, the spectrum from the 
uncoated half of the grating does not change with coating thickness, whereas the 
spectrum of the coated half develops in the typical dual resonant manner shown in 
Chapters 5 and 6. This effect can now be seen in Figure 7.8. 
 
Figure 7.10 The evolution of the spectrum of a conventional LPG with period 100m, 
with a coating of ω-tricosenoic acid applied to only half the length of the grating. 
This spectrum was recorded above the water subphase. No evolution of the 
attenuation bands occurs for the uncoated section of the grating. 
The phenomenon of bandgaps may be useful since they introduce a spectral feature in 
the transmission response of the coated LPG that could be utilized for sensor design. 
Here, the attenuation bands will undergo a rapid change in extinction as well as 
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wavelength upon changes to the thickness or refractive index of the coating, in the 
region of the bandgap. 
7.7 CONCLUSION 
Length apodised phase shifted long period gratings have been investigated at the 
phase matching turning point. Two sets of dual-lobed attenuation bands occur in the 
spectra. Since each set has a different proximity to the transition region, the evolution 
of the spectra with coating thickness takes on a different form.  
The response to partially coating this device has also been investigated. New features 
that are described here as bandgaps appear in the attenuation bands. It would be 
interesting to try to extend the bandgap region by trying different phase shifted LPG 
structures in conjunction with partial coatings. This will allow further analysis of this 
region, leading to optimization and greater definition of the bandgaps than has been 
achieved in this chapter. This in turn may lead to improvements in sensor design by 
obtaining new spectral features which can be utilised in sensor design.   
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CHAPTER 8: LPG BASED SELECTIVE VAPOUR SENSING OF VOLATILE ORGANIC 
COMPOUNDS  
8.1 INTRODUCTION  
The sensing of volatile organic compounds (VOCs) is of importance in a range of 
applications, for example, monitoring air quality in both indoor and outdoor 
environments, and for monitoring soil and water contamination1.  VOCs can originate 
from fuel and petroleum products, from paints and inks, and from combustion 
processes, natural sources and farming2. There are a wide range of VOCs, but of 
particular interest are the BTEX chemicals; benzene, toluene, ethylbenzene and xylene. 
The ability to detect this chemical family and be able to distinguish it from the other 
aliphatic hydrocarbons is an important requirement for a detection system, since the 
aromatic hydrocarbons have a far higher toxicity.  
The sensor described in this chapter utilizes calixarene to form the nanostructured 
coating, which is shown to facilitate the sensing of toluene and benzene, while being 
relatively insensitive to the aliphatic and alicyclic hydrocarbons, hexane and 
cyclohexane. 
8.2 PHASE MATCHING CURVES  
Phase matching curves generated by the solution of Equation 2.1 are an important 
design tool for long period gratings, allowing the calculation of a complete set of 
discrete wavelength resonances3. Figure 8.1 shows the phase matching curves 
predicted for a fibre of cut-off wavelength 670nm4. The cladding modes are numbered, 
corresponding to the order of each mode, and the resonant wavelengths are indicated 
by the intersection of the phase matching curve and a line parallel to the wavelength 
axis. A turning point in the phase matching curves is seen5, making it possible to couple 
to the same cladding mode at two different wavelengths, producing dual resonant 
bands in the transmission spectrum6. 
As described in Chapter 5, optimum sensivity of the coated LPG will be accessed for 
the period at which the phase matching turning point and the mode transition region 
are coincident. This effect is illustrated in the grey scale plot shown in Figure 8.2. The 
resonant band corresponding to the LP0 15 cladding mode indicates the location of the 
transition region, while for the LP0 16 mode the transition region and the phase 
matching turning point are coincident in this thickness range. The increase in 
sensitivity for the LP0 16 mode is evident. Plotting the data in such a way allows the 
relationship of the dual resonance band with respect to the mode transition region to 
be observed. 
112 
 
 
Figure 8.1 The relationship between the grating period and the wavelength at which 
coupling occurs to a set of symmetric cladding modes (LP0 15 – LP0 17)
4. The numbers 
refer to the order of the cladding mode, LP0x. The horizontal line indicates an LPG 
period of 180m. 
 
Figure 8.2 Grey scale plot illustrating the response of the transmission spectrum of 
an LPG of period 180m to the deposition of a coating of calix[4]resorcarene using 
the LB technique. The spectra were recorded with the LPG in the air subphase. The 
attenuation band originating at approximately 900nm shows the development of the 
dual resonance effect. 
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8.3 COATINGS FOR SELECTIVE SENSING  
Calixarene molecules are structures containing a number of phenol or resorcinol 
aromatic rings interconnected to form a larger ring. The calixarene used here is derived 
from four resorcinol aromatic rings and is referred to as calix[4]resorcarene7. The 
molecular structure is shown in Figure 8.3 and Figure 8.4. In three dimensions this is a 
bowl like structure8 that has a cavity in the centre. The resorcarene cavity has an upper 
rim diameter of 1.32nm9.  
The eight hydroxyl groups give the resorcarene molecule a part hydrophilic nature, 
whereas the hydrocarbon chains are known as pendants11 and give the molecule 
hydrophobicity. These long hydrophobic chains are added to make the molecule 
amphiphilic, such that it is part hydrophobic and part hydrophilic, which is a 
requirement to allow the chemical to be deposited onto the optical fibre using the 
Langmuir-Blodgett technique8.  
Using this technique for deposition, a coating of resorcarene consists of a matrix of 
nanoscale cavites formed by the resorcarene ring, and other voids generated with the 
alternate packing of the molecular layers of the coating12. The orientation of the film 
structure is such that the alkyl chains interdigitate, and the molecules align bowl to 
bowl8. 
The analyte molecule can penetrate into this matrix structure. The analyte molecule 
becomes  temporarily entrapped in the hydrophobic resorcarene cavity and the voids. 
An interaction then occurs between a host molecule, resorcarene, and the analyte1.  
Weak interactions13 occur involving the aromatic rings of the analyte and the host 
molecule.   Since they are weak and do not involve covalent bonding, the analyte 
molecule is easily liberated from the cavity, and this results in a sensor whose response 
is reversible, an important consideration in chemical sensor development.  
The size and shape of the analyte molecule determines how deeply it can penetrate 
the resorcarene matrix, and the chemistry of the analyte and host determines the 
nature of the molecular interaction when the analyte is contained in the cavity. These 
considerations lead to responses that have different levels of sensitivity to various 
analyte molecules. 
The refractive index of the resorcarene coating has been measured to be 1.47 at 
632nm using SPR8, making it a suitable choice to exploit the LPG sensing principles 
based on nanostructured coatings. Upon adsorption of the analyte, the cavities and 
voids become filled with the analyte and the optical density and refractive index 
increases.  
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                                       (a)                                                                     (b) 
Figure 8.3 (a) The resorcarene molecule, undecyl-calix[4]resorcarene used for coating 
the optical fibre. (b) The resorcarene cavity has an upper rim diameter of 1.32nm. 
The analyte molecule becomes encapsulated in this cavity10.  
 
                                       (a)                                                                     (b) 
Figure 8.4 Space model of the crystal structure of undecyl-calix[4]resorcarene, shown 
from above (a) and side view (b). KEY: White (hydrogen); Grey (carbon); Red 
(oxygen). The molecular cavity and alkyl pendant chains are indicated.  
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8.4 LPG FABRICATION  
An LPG of period 180m and length 30-35mm was fabricated in hydrogen loaded 
SM750 single mode fibre of cut-off wavelength 619nm, via UV inscription using the 
point by point technique14. The resorcarene was deposited using the Langmuir-
Blodgett technique, see Chapter 4. The resorcarene was dissolved in chloroform at 
0.2g/l, and spread onto a pure water subphase of one compartment of a Nima 
Technology Model 2410A Langmuir-Blodgett trough modified for use with fibre optic 
substrates15. The material was compressed to a surface pressure of 30mN/m. The 
dipping speed for the fibre substrate was set to 10mm/min.  As the coating is 
deposited, Figure 8.5, the layers interdigitate giving an individual layer thickness of 
1.17nm8.  
 
(a)                                                      (b) 
Figure 8.5 (a) A schematic of the multilayer structure of resorcarene, showing the 
interdigitation or interleaving of the alkyl chains. This results in a bi-layer thickness 
of 2.34nm. (b) Space model of a resorcarene bi-layer. KEY: White (hydrogen); Black 
(carbon); Maroon (oxygen)8. 
The transmission spectrum of the fibre was monitored by coupling the output from a 
tungsten halogen lamp into the fibre and connecting the distal end of the fibre to an 
Ocean Optics CCD spectrometer of resolution 0.3nm. The spectrum was recorded 
when the LPG was above and below the water subphase. This is important, as it has 
been noted previously that the thickness of the coating required to access the mode 
transition region is dependent on the surrounding refractive index16. Thus for gas 
sensing the spectrum recorded with the LPG above the subphase was used when 
deciding on the optimum coating thickness. 
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To establish the optimum coating thickness, a thick film in excess of 1m was 
deposited. This allows the grey scale plot, Figure 8.2, to be generated which shows the 
response of the transmission spectrum to the deposition of the coating. The LPG was 
then cleaned and coated with 163 layers of resorcarene, deposited as a Y-type LB film, 
corresponding to a calculated coating thickness of 190nm. The number of layers was 
chosen to ensure that a dual resonant attenuation band develops in the transmission 
spectrum of the fibre upon exposure to the analyte, indicating that the LPG is 
operating at the phase matching turning point.   
8.5 EXPERIMENT  
The coated LPG was placed inside a closed vessel and fixed quantities of the analyte 
were injected into the chamber. At room temperature and atmospheric pressure, the 
analyte liquid vapourized inside the chamber and the response of the sensor to the 
vapour concentration was monitored.  
For injection of liquid toluene, the sensor took ~30 minutes to reach a steady state 
condition, and this incorporates the time for the solvent to evaporate, which is 
dependent upon the quantity of liquid injected. Benzene on the other hand took ~10 
minutes to reach steady state. The difference is estimated to be a result of the solvents 
volatilities, see Table 8.2, and the infusion time of the analyte molecule into the 
multilayer film. Next, the spectrum was recorded using the CCD spectrometer. Upon 
opening of the closed vessel, the vapour concentration was quickly released into a 
fume cupboard.  
The sensor was also tested with hexane, an aliphatic hydrocarbon, and cyclohexane, a 
hydrocarbon with a fully hydrogenated ring. This allowed for comparing the sensitivity 
of the device to four VOCs and determination of the selectivity of the sensor. 
8.6 RESULTS AND DISCUSSION 
The LPG sensor with 163 layersee of undecyl-calix[4]resorcarene was tested with four 
organic vapours. The response of the transmission spectrum to exposure to different 
concentrations of toluene is shown in Figure 8.6. The initial response in air (0 ppm by 
volume) shows two resonant bands at 850nm and 930nm which are resolvable. The 
                                                                
ee
 Prior to these tests, the sensor was subject to testing with ammonia vapour. The sensor was soaked 
for 48 hours in ammonia vapour, and the transmission response did not return to the spectrum 
obtained after deposition of 163 layers, which had a single band centred at 900nm. The spectrum 
identified at 0 kppmv is the sensors response after the aforementioned testing, and is the baseline 
adopted for VOC sensing.    
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dual resonant bands become further resolved with increasing vapour concentrations 
up to the maximum used, 61.2kppmv (thousand ppm by volume), equivalent to 
231g/m3.  
 
Figure 8.6 A long period grating of period 180m fabricated in SM750 fibre coated 
with a resorcarene and its response to toluene vapour. The sensor was characterised 
at concentrations from 7650ppmv (28.9g/m3) up to 61200ppmv (231g/m3). The trend 
for increasing separation of the resonant bands labeled (a) and (b) with increasing 
concentration is apparent.  
The response can be analysed by measuring the wavelength shifts of the two resonant 
bands, or by considering the change in amplitude at a fixed wavelength. The two 
resonant bands move apart in wavelength as depicted in Figure 8.7. The central 
wavelength of the attenuation bands were captured directly from the transmission 
spectrum, Figure 8.6. Noise and asymmetry of the attenuation band will give an error 
in this measurement. By curve fitting a linear trend, an average change with 
wavelength of 1600ppmv/nmff for the shorter wavelength band and 2300ppmv/nmgg 
for the longer wavelength band has been measured, Figure 8.7. This results in a 
                                                                
ff
 0.625nm/kppmv 
gg
 0.4375nm/kppmv 
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differential change with wavelength of 941ppmv/nmhh. Utilizing this differential shift 
gives a limit of detection of 282ppmv (1.064g/m3) based on a spectrometer resolution 
of 0.3nmii.  
 
Figure 8.7 Wavelength shift of the resonant bands (a) and (b) in Figure 8.6 to 
increasing toluene vapour concentration. The solid lines are a guide to the eye. 
These measurements were recorded in a temperature controlled environment. To 
utilize this level of sensitivity in a practical sensor, the temperature sensitivity of the 
response must also be taken into account. The temperature sensitivity for this type of 
sensor has been recorded in Figure 9.12. Since LPGs contain a number of attenuation 
bands, each with different sensitivities to temperature and other measurands, then 
temperature discrimination can be achieved in this device by building a mathematical 
model of the response of the attenuation bands under all measurement conditions. By 
utilizing the model in the implementation of the sensor’s signal processing, 
discrimination between the effects of temperature and other measurands can be 
achieved19. 
                                                                
hh
 1.0625nm/kppmv 
ii
 The sampling resolution of the spectrometer is determined by the pixel size of the CCD. 
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Centred at ~900nm, a broad spectral feature appears at the phase matching turning 
point which has a FWHM bandwidth in excess of 50nm. This is shown in Figure 8.6 
between the wavelengths of 825 and 950nm. The change of transmission of the fibre 
at the central wavelength of this broad spectral feature could conveniently be used to 
develop a low cost sensor, requiring the use of only an LED of bandwidth 50nm and a 
photodiode to measure optical power. In a practical sensor system, a reference 
channel is required to compensate for the effects of source intensity fluctuations and 
changes in downlead losses. The reference channel would be at a wavelength where 
the sensor has no response to changes in analyte concentration and is therefore in a 
part of the spectra where there are no attenuation bands. 
 
Figure 8.8 Volumetric sensitivity of the 180m period LPG sensor (black) to the 
vapours toluene, benzene, hexane and cyclohexane. For comparison, a 100m 
period LPG sensor coated with calix[4]resorcarene is shown (red). The transmission is 
monitored at 900nm (black) and 800nm (red) and an increase in transmission occurs 
which corresponds to the separation of the dual resonant attenuation bands. The 
lines are a guide to the eye. 
Making use of the broad spectral feature centred at 900nm, Figure 8.6, the change in 
optical transmission of the LPG was measured. This is close to the centre wavelength 
between the two resonant bands. This was monitored as a function of the 
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concentration of toluene, benzene, hexane and cyclohexane, and is shown in Figure 
8.8. This allows for a determination of the selectivity of the sensor. The results show 
that at levels up to 10 kppmv vapour concentration, the sensitivity to hexane is only 
7.5% of that to toluene. For cyclohexane the sensitivity is 14.8% compared to that to 
toluene. This indicates that the sensor has a high selectivity for toluene.  
These measurements were compared with a 100m period LPG sensor coated with 
calix[4]resorcarenejj.  In Figure 8.8, the results show that the responses to toluene, 
benzene and cyclohexane were similar with the exception of hexane. Hexane has 
shown a response of the same magnitude but with opposite polarity. This has been 
reported to be due to the low refractive index of liquid hexanekk (nhexane=1.37), 
compared to liquid toluene (ntoluene=1.49)
12. However, the lesser response to benzene 
with the highest refractive index (nbenzene=1.50) indicates that the sensing mechanism 
is based upon changes in the properties of the functional coating, rather than a 
response to the refractive index of the analyte, Table 8.1.  
Table 8.1 Refractive indices for organic solvents in liquid form 
Organic Solvent Refractive Index 
Hexane 1.37 
Cyclohexane 1.41 
Toluene 1.49 
Benzene 1.50 
The response of the spectrum to exposure to the analyte at the particular wavelength 
of 900nm, the amplitude monitored response for toluene tends towards saturation 
above 10 kppmv. This is a result of the increasing separation of the two attenuation 
bands that has decreasing influence on the transmission at 900nm the further the 
bands separate. However, the two resonant bands continue to diverge at the higher 
vapour concentrations as indicated in the wavelength response in Figure 8.7.  
The relative sensitivities of the four organic compounds are evident from Figure 8.8. 
The size and shape of the analyte molecule can determine how deeply the analyte can 
move through the resorcarene matrix, and the chemistry of the host and guest 
determines how it becomes confined in the cavity.  
                                                                
jj
 100m period LPG with length 23mm, coated with 275 layers undecyl-calix[4]resorcarene. 
kk
 The refractive index of liquid hexane is less than the coating at 1.47, thus if condensation of the 
analyte vapour occurs inside the coating, then this lowers the overall mean refractive index of the 
coating. 
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Hexane has a single chain molecular structure with dimensions 1.03nm x 0.49nm x 
0.4nm17 and its large size cannot enter the resorcarene cavity easily. The small 
response may be due to the analyte molecule filling voids between adjacent 
resorcarene molecules. 
Cyclohexane is a ring but being fully hydrogenated is more bulky than the aromatic 
ring. The cyclohexane molecule has dimensions of 0.72nm x 0.64nm x 0.49nm17. The 
results indicate that there can be little molecular attraction between cyclohexane and 
the cavity. 
Table 8.2 Boiling points for organic solvents 
Organic Solvent Boiling Point 
Hexane  69oC 
Benzene 80.1oC 
Cyclohexane 80.7oC 
Toluene 110.6oC 
Benzene is the smallest molecule investigated, with dimensions 0.74nm x 0.67nm x 
0.37nm17 and the progressive response shown in Figure 8.8 indicates that it can 
penetrate deeper into the resorcarene film with increasing vapour concentrations. 
Although there is some correlation of interaction with the solvent volatility, there is 
also some specific interaction with aromatic molecules since benzene interacts more 
strongly than cyclohexane even though they have the same boiling point, Table 8.2. 
The largest magnitude response is observed on exposure to toluene, which, with its 
methyl group, shows that this can cause a greater molecular attraction between host 
and guest, which is not evident for benzene. The results show that toluene is optimal 
above the other VOCs measured here for becoming confined in the cavity of the 
resorcarene matrix. The dip in the response to toluene at high concentrations shown in 
Figure 8.8 is due to coupling to another cladding mode, see Section 9.6. 
Subsequently, exposure to xylene vapour from further testing has shown a stronger 
response than toluene possibly due the greater interaction of the two methyl groups 
of the xylene molecule with the resorcarene host matrix. However, the results were 
difficult to record in the format of Figure 8.8 because of the long settling time 
experienced, of the order of 90 minutesll. 
                                                                
ll
 Ammonia, formaldehyde and butanol vapour also gave strong responses but with long settling times in 
excess of 90 minutes, made the recording impractical. 
122 
 
The resorcarene coated LPG sensor was also exposed to other organic vapours. The 
aliphatic amines, e.g. ethylamine, diethylamine and triethylamine were tested in the 
chamber, and the sensor gave the strongest responsesmm to these molecules. The 
sensing mechanism is the deprotonation of the hydroxyl moiety of resorcarene18 p588. 
The results proved to be of poor reversibility, and the analysis of the organic amines 
was not pursued for practical reasons. The same mechanism is responsible for the 
poor reversibility encountered when testing the sensor with ammonia vapour. This 
was reported in Section 8.6 with the fabrication of the sensor. 
The vapour ingress times and egress times of the sensor to benzene vapour are shown 
in Figure 8.9, with the transmission monitored at 900nm. The vapour ingress time is 
dictated by the time required for the volatile solvent to vapourise. However, the 
vapour egress time of the order of 15 seconds shows the intrinsic speed of response of 
the sensor when the analyte vapour is released. 
 
Figure 8.9 The evaporation time and the temporal response of the resorcarene 
coated 180m period LPG sensor to benzene vapour, monitored at 900nm.  
 
 
                                                                
mm
 Stronger than the response to xylene and toluene. 
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8.7 CONCLUSION 
It has been demonstrated that, using a fibre optic long period grating in conjunction 
with a functional nanostructured coating, chemical vapour sensing can be performed. 
Dual resonance in the spectral response of the LPG has been exploited to obtain 
improved sensitivity. The phase matching curves allow the grating to be designed to 
allow the sensor to operate within a desired wavelength range. Further tailoring of the 
grating period would allow the utilization of the mode transition region to attain 
higher sensitivities. 
Using a resorcarene coating, toluene and benzene vapour sensing can be performed.  
Nanoscale cavities in the coating are suited to a corresponding size and shape of a 
particular analyte molecule. In this way, the response of the sensor is species selective. 
This has been demonstrated with the relative sensitivity to toluene 13 times greater 
than that of hexane for the same vapour concentration. Similarly, the sensitivity to 
toluene is over 6 times greater than cyclohexane.  
A broadband spectral feature resulting from the moving apart of two attenuation 
bands occurs in dual resonant long period gratings.  This is not due to a change in 
extinction ratio of the bands, but a natural result of the two bands moving apart.  This 
feature has the potential to be utilized in conjunction with simple detection 
optoelectronics to implement a low cost sensor system. Such a system would need to 
address the noise of the signal, see Figure 8.9. The detector signal would require low 
pass filtering to reduce the noise. The time constant of the filter should be sufficient to 
have no effect on the response time of the sensor.   
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CHAPTER 9: A COMPARISON OF CALIX[4]RESORCARENE AND CALIX[8]ARENE 
DERIVATIVE COATINGS ON LPGS 
9.1 INTRODUCTION 
Structured coatings of calixarenes have been reported to perform gas sensing with the 
infusion of BTEX analytes1, aliphatic alcohols2, and aliphatic amines3, using the 
established techniques of surface plasmon resonance1 and the quartz crystal 
microbalance2; 3. Here we use a long period grating (LPG) to measure the change in 
density and hence the refractive index of the calixarene film in response to exposure to 
a selection of volatile organic solvents. To achieve this, we deposit the calixarene onto 
the cladding of an optical fibre in the form of a multilayer coating of a few hundred 
nanometres in thickness, and the analyte vapour becomes adsorbed into the cavities 
and voids of the calixarene coating4. 
The two calixarenes, calix[4]resorcarene with a cavity size of 1.32nm in diameter5, and 
a calix[8]arene derivative with a cavity nominally twice the size, have been coated onto 
the cladding of an optical fibre containing a long period grating. A comparison of their 
vapour sensing performances has been undertaken, in terms of their species selectivity 
and their kinetic behaviour. The analytes selected are the aromatic compounds 
toluene and benzene, the aliphatic compound hexane and the alicyclic compound 
cyclohexane. Since the molecular formulae’s of these solvents are similar; toluene 
C7H8, benzene C6H6, hexane C6H14 and cyclohexane C6H12, this allows for comparisons 
in behaviour in terms of the molecule size and supramolecular interactions. 
9.2 PHASE MATCHING CURVES 
As discussed in earlier chapters, the phase matching curves6, Figure 9.1, give a 
complete set of discrete wavelength resonances that satisfy Equation 2.1. For a 100m 
period LPG, the intersections with the reference line parallel to the abscissa identify 
the wavelengths at which energy is coupled from the core mode to a cladding mode. 
The cladding modes are numbered, corresponding to the order of each mode. The 
turning point in the phase matching curves indicates that energy can be coupled into 
the same cladding mode at two discrete wavelengths, and is referred to as dual 
resonance7.   
The phase matching curves move when either the fibre coating’s refractive index or 
thickness is increased9. The grey scale plots, Figures 9.2a and 9.2b, show how the 
bands move upon increasing coating thickness, here the dark bands represent the 
resonance bands. A grading is observable where the level of darkness represents a 
128 
 
higher extinction ratio and lightness represents a lower extinction ratio of the resonant 
bands.  
 
Figure 9.1 Phase matching curves for a long period grating around the period of 
100m8. The curves represent coupling to the 20th to 25th order cladding modes. The 
arrow represents the direction that the curves move upon an increase in refractive 
index of the coating, as occurs with the ingress of the vapour molecule into the 
permeable calixarene film. 
For the attenuation bands labelled LP0 20 from Figures 9.2a and 9.2b, there is a region 
where there is greatest change with wavelength with coating thickness and is referred 
to as the transition region10.  It has been shown in Chapter 5 that the sensitivity of 
these bands to changes in the coating is greatest in the transition region. The dual 
resonant band labelled LP0 21 is centred at 800nm, and the first appearance of its 
resonance features occurs when the thickness of the coating corresponds to that 
required for the transition region. Since the dual resonant band is the target region for 
sensing, its proximity to the transition region optimises this bands sensitivity.  
In Figure 9.2a, coupling to the LP0 21 cladding mode causes a resonance band to occur 
at about 125 bi-layers (or 250 layers) whereupon this develops into two resonant 
bands which diverge in wavelength thereafter with increasing coating thickness. There 
is also coupling to another cladding mode as shown by the fainter trace shadowing the 
principal dual resonance band. This is perhaps due to coupling to an asymmetric 
cladding mode. 
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(a) 
 
(b) 
Figure 9.2 The grey scale plots showing the movement in wavelength of the resonant 
bands for a 100m period LPG as (a) layers of calix[4]resorcarene, and (b) a 
calix[8]arene derivative are deposited. 
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In Figure 9.2b, the dual resonance band appears also at about 125 bi-layers , (or 250 
layers), and this is the provisional target number of layers for the sensor. Another 
cladding mode occurring at 150 bi-layers is also clearly visible. 
9.3 CALIXARENE COATINGS 
The basic structure of two types of tetramer calixarene cavity is shown in Figure 9.3. 
For resorcarene, the bowl shape is more open. When the calixarene coating is 
deposited using the Langmuir-Blodgett technique, it forms a regular nanostructured 
film, with a Y-type orientation11. This matrix structure is illustrated in Figure 9.4 for the 
tetramer calixarenes. The cavity alignment is shown with closer alignment between 
the tetramer resorcarene bowl than with the tetramer calixarene bowls.  
With this imperfect alignment, the multilayer calixarene coating does not contain 
continuous pores or channels as a porous coating would normally have. It has been 
suggested that for vapour sensing, lateral translation of the layers occurs such that the 
cavities of two adjacent layers align in the plane perpendicular to the fibre axis12. This 
enables the analyte molecule to be transported between each layer of the host 
molecule without the need for continuous channels. This mechanism is poorly 
understood but is suggested to be either analyte induced or intrinsic thermal motion13. 
It is proposed that this mechanism accounts for the long time constants of the order of 
hours sometimes seen with guest absorption by calixarenes2; 4; 14; 15. 
 
Figure 9.3. A comparison of the bowl structures for resorcarene and calixarene. The 
resorcarene bowl is more open13  17. 
Calixarenes can sense organic molecules since the guest species is able to become 
encapsulated into the calixarene cavity. Figure 9.5 shows the inclusion complex of the 
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widely studied tert-butyl-calix[4]arene molecule, which can encapsulate the toluene 
guest. Crystallography has revealed this structure16. Adsorption of the guest species 
raises the density of the calixarene coating. Since the platform is the long period 
grating, this device is able to sense the change in refractive index accompanying the 
change in density of the LPG coating.  
The calix[8]arene coating contains a large cavity in the form of a pleated loop 18. The 
shape of this cavity is less well defined than the smaller cavity of calix[4]resorcarene 
and it has been reported that larger cavities often do not exhibit such a well defined 
encapsulation of chemical species13. The smaller cavity material calix[4]resorcarene 
with its long alkyl chains forms here a more regular and less densely packed multilayer 
structure, perhaps with closer alignment of the cavities, allowing for a simpler 
transport of the analyte molecule and consequently shorter response times. 
 
 
Figure 9.4 The multilayer structure of undecyl-calix[4]resorcarene and tert-butyl-
calix[4]arene.toluene complex. The bowl to bowl alignment is depicted. The 
interdigitation of the resorcarene pendant chains is also illustrated. The 3D boxes 
indicate the crystalline structure19  20. 
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Selectivity is the preference the cavity has to encapsulate a particular chemical species 
and has been defined as “the binding of one guest, or family of guests, significantly 
more strongly than others, by a host molecule” 21 p4. Using quartz crystal microbalance 
(QCM) sensors coated with a calix[4]arene derivative and a calix[6]arene derivative 
coating, it has been reported that differences occur in the selectivity of their response 
to the aliphatic amines3. The response to diethylamine was greater than the larger 
guest species of triethylamine due to steric hindrance. Furthermore, the larger cavity 
of calix[6]arene was found to be more favourable in accommodating these organic 
amines, compared to calix[4]arene. 
 
Figure 9.5 Tert-butyl calix[4]arene.toluene inclusion complex. The methyl group of 
the toluene molecule points into the cavity13. 
 
Figure 9.6 A calixarene derived cavitand encapsulating a guest molecule with a long 
aliphatic chain. The shape of the molecular capsule can surround the guest molecule. 
The electron cloud around a cavitand capsule is responsible for intermolecular 
bonding of the form Van der Waals and CH-17. 
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The guest species is held by interactions with the electron cloud of the cavity. This can 
be the electrostatic binding arising from Van der Waals interaction22, or the CH- bond 
that occurs between an aromatic group and the methyl group. The CH- bond has 
been reported to occur between the aromatic moiety of the guest and the alkyl 
pendant chain of tert-butyl-calixarene, as would occur with the calixarene.toluene 
inclusion complex depicted in Figure 9.520; 23. It has also been reported that this can 
occur between the aromatic moiety of the calixarene ring and an aliphatic guest 
species, as shown in Figure 9.624. It is these intermolecular bonds that are the driving 
factor in determining species selectivity. 
9.4 FABRICATION 
Two LPGs of period 100m, chosen to obtain a dual resonant response at 800nm, and 
with grating lengths 26mm and 23mm respectively were fabricated in hydrogen loaded 
single mode fibre SM750, with cut-off wavelength 619nm, via UV inscription using the 
point-by-point technique25.  The attenuation bands can move in wavelength in the 48 
hours after inscription, due to the out-gassing of hydrogen from the fibre causing a 
change of the core index modulation profile26-28. Often annealing techniques are used 
to remove any unreacted hydrogen and unstable UV induced defects28; 29. This is of 
particular importance to stabilize the spectrum where wavelength registration is 
required (e.g. making an optical transmission filter of a particular wavelength).  
Two coating materials, undecyl-calix[4]resorcarene, Figure 9.7a, and a tert-butyl-
calix[8]arene derivative, Figure 9.7b, were deposited using the Langmuir-Blodgett 
technique. The calix[4]resorcarene was dissolved in chloroform at 0.2g/l, and the 
calix[8]arene at 0.13g/l. The coating material was then spread onto a pure water 
subphase of one compartment of a Nima Technology Model 2410A Langmuir-Blodgett 
trough modified for use with fibre optic substrates30. The material was compressed to 
a surface pressure of 28mN/m for calix[4]resorcarene and 26mN/m for calix[8]arene. 
The dipping speed for the fibre substrate was set to 20mm/min in both cases.   
The transmission spectrum of the fibre was monitored by coupling the output from a 
tungsten-halogen lamp into the fibre and connecting the distal end of the fibre to an 
Ocean Optics CCD spectrometer of resolution 0.3 nm. This was to ensure the 
attenuation bands acquired an extinction ratio of between 3-6dB during UV 
inscription, see Table 4.1, and to ensure the number of layers deposited in each case 
produced a spectrum with the signature dual lobed feature characteristic of dual 
resonant operation. In this case, the spectrum was recorded when the LPG was above 
and below the water subphase. As the sensors are designed for vapour sensing, the 
number of layers deposited were 255 and 245 respectively, Figures 9.8a and 9.8b, each 
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being tailored to obtain a dual resonant response in the transmission spectrum with 
the sensors above the water subphase.  
 
Figure 9.7a Undecyl-calix[4]resorcarene with four interlinked resorcinol molecules. 
The long pendant chains are undecyl (C11H23). 
 
Figure 9.7b Tert-butyl-calix[8]arene derivative with a cavity comprising eight 
aromatic rings. The carboxyl group features on the lower rim. The short pendant 
chains are tert-butyl. 
The fibre at this stage was removed from the trough and the film was left for 48 hours 
to stabilize. This is a drying out period whereby the characteristic transmission 
spectrum changes. The evolution of the spectrum over this time is perhaps due to the 
egress of water molecules from the film. It has been reported that water molecules 
can form bridges between adjacent calix[4]resorcarene molecules via hydrogen 
bonding31. This is pertinent since the trough uses water as the subphase which 
supports the calixarene monolayer during the fabrication process.   
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Figure 9.8a The spectrum of a 100m period LPG fibre grating coated with 
calix[4]resorcarene bi-layers as depicted. The dual lobes begin to form, and the 
dipping of the sensor was halted at 255 layers. 
 
Figure 9.8b The spectrum of a 100m period LPG fibre grating coated with between 
221 to 245 layers of calix[8]arene. The dipping of the sensor was halted at 245 layers, 
tailored to obtain a dual resonant response in the transmission spectrum. 
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Figure 9.9a The effect of drying out of the newly coated film of calix[4]resorcarene 
on the spectrum of a 100m period LPG. After depositing the target number of 
layers, 255, the spectrum evolves over the next few days. The twin lobes shown in 
bold are the characteristic dual resonance spectral feature. 
 
Figure 9.9b The evolution of the LPG transmission spectrum of the 100m period LPG 
coated with 245 layers of calix[8]arene after drying out. The spectrum shown in bold 
is the final LPG transmission spectrum used for sensing. 
The presence of water molecules between the layers of the film can be described here 
as a delamination effect. Without the water present between the layers, the film 
density would be greater since the layers would pack more closely. The affect of drying 
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out is therefore an increase in density and therefore refractive index of the film. This 
causes the LPG spectrum to evolve and in our case the dual resonant bands to become 
further separated. This has been observed over a few days after the coating is laid, 
Figure 9.9a and 9.9b. One must therefore be aware of this and factor it in to obtain an 
optimized sensor. 
9.5 EXPERIMENT 
There are three methods reported to perform vapour adsorption measurements on a 
permeable material inside a gas chamber; a single injection of vapours at a fixed 
concentration, supply of a continuous vapour flow, and injection of liquid solvent and 
the slow formation of vapour4. All three give different characteristic kinetic responses. 
Here, the method of injection of a volatile liquid into the gas chamber is used which 
gives a slow rising transient response incorporating the evaporation time and the 
infusion time for the analyte molecule to enter into the coating. An equilibrium 
condition is then reached which gives a common reference point for comparison of 
sensor performance. This method is in fact the closest to a real scenario where the 
sensor might be monitoring spillages that vapourise and enter the sensor through 
normal convection processes. 
9.6 RESULTS 
Vapour adsorption experiments were conducted and the transmission spectra of the 
100m period LPG sensor coated with calix[4]resorcarene and the calix[8]arene coated 
LPG sensor were recorded, Figures 9.10a and 9.10b. These show the signature 
response of dual resonance. The two attenuations bands diverge with increasing 
vapour concentration. The response progresses but a reflex is visible in the spectrum 
at the highest vapour concentration in the wavelength region of ~800nm, Figure 9.10a. 
This is perhaps due to coupling to an asymmetric cladding mode. 
The selectivity of the coated LPG sensors was investigated by monitoring the change in 
transmission of each sensor at the centre wavelength of dual resonance, in response 
to a range of analytes. The signal responses were measured at 800nm, close to the 
centre wavelength of the dual resonant bands. Comparing the selectivities of each 
sensor in Figures 9.11, the results for calix[4]resorcarene and the calix[8]arene 
derivative coating follow the same trend. Since it was expected that cavity size would 
have a profound effect on chemical selectivity, then this was a surprising result. It 
indicates that the dominant effect must be due to common supramolecular attractions 
that must be present (e.g. Van der Waals, CH-) between guests and hosts.  
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Figure 9.10a The transmission spectrum of the 100m period LPG coated with 
calix[4]resorcarene. The spectrum changes with increasing toluene vapour 
concentrations, from 3060ppmv (11.6g/m3) up to 61200ppmv (231g/m3).  
 
Figure 9.10b The response of the transmission spectrum of the calix[8]arene coated 
100m period LPG sensor to the changing concentration of benzene vapour at the 
levels indicated, from 3670ppmv (11.7g/m3) up to 73400ppmv (234g/m3).  
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Benzene and toluene gave strong responses and the increase in response with 
increasing vapour concentration shows that these aromatic molecules can penetrate 
deeper into the film at higher vapour concentrations32. The discrimination of aromatic 
compounds toluene and benzene is evident when compared to the saturated organic 
compounds cyclohexane and hexane, Figure 9.11. The stronger response to toluene 
compared to benzene indicates that the presence of the methyl group increases the 
intermolecular binding with the cavity. The dip in response to toluene vapour at high 
concentrations is due to coupling to another cladding mode.  
Table 9.1 Boiling points of BTEX and other organic solvents 
Solvent Boiling Point 
Hexane 69 oC 
Benzene 80.1 oC 
Cylcohexane 80.7 oC 
Toluene 110.6 oC 
Ethylbenzene 136 oC 
Xylene 138.5 oC 
The response to hexane showed the smallest response with the absorption of hexane 
into the calix[4]resorcarene coating resulting in a reduction in the refractive index and 
density of the film, Figure 9.11. Here the filling of cavities and voids causes a density 
decrease: perhaps the hexane molecule becomes adsorbed between the layers of the 
calixarene molecules, and causes the layers of the coating to expand and its density 
decreases. The response of hexane with the calix[8]arene film, Figure 9.11, shows an 
increase in optical density, which becomes saturated. This indicates that the hexane 
molecule, a pleated chain, 1.03nm x 0.49nm x 0.4nm33, does not penetrate deeply into 
the film. 
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Figure 9.11 The change in optical transmission at 800nm of a undecyl-
calix[4]resorcarene coated 100m period LPG (black) and a 100m period LPG 
coated with tert-butyl-calix[8]arene (red), in response to the changing vapour 
concentration of four guest molecules; toluene, benzene, cyclohexane and hexane.  
 
Figure 9.12 The change in transmitted optical signal strength measured at 800nm 
with temperature for a 100m period LPG coated with calix[8]arene, in air. The 
negative temperature coefficient has a response of -0.0016 a.u./oC. 
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The chemical sensing presented above was conducted in a temperature controlled 
environment at 22oC. The temperature sensitivity of the 100m period LPG coated 
with calix[8]arene was characterised. The gas chamber was placed on a hot plate, and 
a thermocouple was used to monitor the temperature change inside the gas chamber. 
The results shown in Figure 9.12 are captured directly from the transmission intensity 
data at 800nm, Figure 9.10b. The intensity noise on this signal is averaged by plotting a 
linear trend. A negative temperature coefficient of -0.0016 a.u./oC was observed. The 
behaviour was found to be reversible, and showed a normal cooling transient when 
the hot plate was switched off. However, when the sensor was heated to 40oC, an 
irreversible change was observed, and the sensor did not return to its original 
calibration point. A form of thermal annealing of the coating may have taken place. 
Although the two sensors gave broadly similar levels of discrimination, the two coating 
materials of the sensors could be distinguished by the large differences in their 
response times to changing vapour concentration. In this regard, the results are 
presented for cyclohexane and benzene. Both these solvents have near identical 
volatilities since their boiling points are 80.7oC and 80.1oC respectively, Table 9.1.  
In response to cyclohexane, Figure 9.13a, with molecular dimensions 0.72nm x 0.64nm 
x 0.49nm33, the response time with increasing vapour concentration was ~15 times 
longer with calix[8]arene compared to calix[4]resorcarene.  
In response to benzene, Figure 9.13b, with a molecular volume of 0.74nm x 0.67nm x 
0.37nm33, the response time with decreasing vapour concentration was about 40 times 
longer with the sensor with the calix[8]arene coating than with the calix[4]resorcarene 
coating. 
For the vapour ingress times, the evaporation time of the solvent is incorporated in 
both plots which must be the same time in both cases. The large difference seen here 
must therefore be due to the difference in infusion times of the cyclohexane molecule 
into the host matrix. For the vapour egress times, there is no evaporation time to take 
into account. The large difference indicates the different egress times of benzene from 
the two types of host matrix.  
The reason for this is attributed to the different permeability’s of the two coating 
materials. The larger cavity material would be expected to give the greater porosity. 
However it is the other way around. Therefore one must appeal to the packing 
structure of a multilayer matrix formed from such materials.  
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Figure 9.13 Response times of 100m period LPG sensor coated with calix[8]arene 
and calix[4]resorcarene to (a) cyclohexane vapour and (b) benzene vapour. 
Work on quartz crystal microbalance (QCM) sensors has lead to the following findings 
in relation to calixarene coatings. It has been noted that the long pendant alkyl chains 
lead to highly permeable thin films for gas sensors34. It has also been reported that the 
tert-butyl pendant chain gives poorer reversibility compared to the long alkyl chains 
when using calix[8]arene for measuring chloroform and trichloroethane in water 
solution15. The length of the pendant chain determines the packing density of the 
coating and hence its permeability2.  Drawing on these same conclusions, the 
calix[4]resorcarene has a relatively long undecyl pendant chain (C11H23) compared to 
the calix[8]arene coating with the shorter tert-butyl chain, this would imply the greater 
density of the latter, offering less permeability.  
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Apart from packing density, the regularity of the calix[4]resorcarene multilayer 
structure or the alignment of the cavities between layers would lend itself to easier 
transport of the guest molecule from layer to layer12. These factors determine the 
transient response times. 
9.7 CONCLUSION 
A comparison between the responses of LPGs coated with two different materials has 
been completed. The two materials are calix[4]resorcarene with a cavity size of 
1.32nm in diameter5, and a calix[8]arene derivative with a cavity nominally twice that 
size. The two coatings exhibit similar species selectivity, with the results showing that 
supramolecular forces rather than the cavity size is the dominant affect for molecular 
recognition for the host and guest molecules investigated here.  
There was however a significant difference in the measured response times to vapour 
concentration changes, and this is because the permeability of the two coatings differ. 
The reason for this is put down to the packing structure of the two coatings which is 
determined when the multilayer film is deposited. Here we used the Langmuir-
Blodgett technique for depositing the calixarene coating onto an optical fibre. 
Although calix[8]arene has the larger cavity, the packing structure in terms of its 
regularity, alignment of cavities in the plane perpendicular to the fibre axis, and the 
higher packing density with its shorter pendant chains is thought to be responsible for 
its poorer porosity. 
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CHAPTER 10: CONCLUSION AND PROPOSALS FOR FUTURE WORK 
10.1 LONG PERIOD GRATINGS AT THE PHASE MATCHING TURNING POINT 
Long period fibre gratings are structured in principally two ways; a square wave 
modulation1; 2 of the refractive index in the core of the fibre, or by mechanical inducing 
an equivalent change by etching the cladding or physical deformation of the fibre3. The 
grating period is of the order of hundreds of microns.  This induces a coupling of 
energy from the core to a subset of the cladding modes, at wavelengths that satisfy 
the phase matching condition, Equation 2.14.  
The energy transfer from core to cladding modes results in drop outs in the 
transmission spectrum of the optical fibre, referred to as attenuation bands. The 
central wavelengths of these bands are dependent not only on the ambient index of 
the medium surrounding the fibre, but also on the refractive index or thickness of a 
coating applied to the fibre in the region of the LPG, and can be seen to retune in 
wavelength upon perturbation in the ambient index5, or that of the coating6. 
The operation of these devices at the phase matching turning point has been 
investigated in Chapters 5 and 6, which is indicated by two resonant bands appearing 
in the transmission spectrum of the fibre. These dual resonant bands have opposite 
sensitivities to the thickness of the coating applied to the fibre, and this has been 
demonstrated by obtaining data showing the evolution of the optical spectrum with 
applied coating thickness in Figures 5.3 and 5.5. 
It has been shown that appropriate selection of the period of the LPG and the 
refractive index of the coating material can ensure that the phase matching turning 
point of the LPG coincides with the mode transition region. This ensures optimum 
sensitivity of the device to the coating’s optical properties. It has also been shown in 
Chapter 6 that the selection of the grating period can determine the optimum coating 
layer thickness, the sensors operating wavelength, the sensitivity by its proximity to 
the mode transition region, or the symmetry of the dual banded spectrum.  
In order to extend the design envelope further, phase shifted LPGs have been explored 
in Chapter 7. This device has two dual resonant attenuation bands, with different 
proximities to the mode transition region. Here, the evolution of the attenuation 
bands in Figure 7.7 indicate that the dual resonant band with closer proximity to the 
mode transition region has greater sensitivity.  
Some new results have been obtained by coating half the length of the phase shifted 
LPG, with the evolution of the attenuation bands not showing the smooth progressive 
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response to coating thickness. This feature has been referred to here as a bandgap, 
Figures 7.8 and 7.9. This phenomenon has not been reported before. 
10.2 NANOSTRUCTURED CALIXARENE COATINGS 
In Chapters 8 and 9, four organic chemical sensors have been presented based on a 
long period grating (LPG) formed in an optical fibre, see Figure 8.8 and Figure 9.11. A 
calixarene coating of thic ness of several hundred nm’s has been applied to the region 
of the fibre containing the LPG sensor. An interaction takes place between the sensor 
and the environment by adsorption of the organic analyte molecule, and the 
transmission response of the LPG is changed. The four sensors presented show a 
chemical selectivity towards aromatic molecules which is a function of the calixarene 
coating, which avail different levels of binding or complexation compared to other 
non-aromatic molecular species. 
The determination of complexation and selectivity for guest adsorption of calixarene 
can be summarised in the following way. At the individual molecule level, calixarenes 
have been described as scaffolding structures7 which allow the guest molecule to 
interact with functional groups in the concerted way. In our case, the functional groups 
of the host are particularly the aromatic rings of the calixarene cavity, and methyl 
groups on the pendant chains. Here, the calixarene structure allows the inclusion of a 
guest species, which through these functional groups can maximise in terms of 
strength and number the formation of intermolecular bonds of the form CH-, Van der 
Waals and -. 
The 3D structure of the calixarene molecule forms a matrix structure upon deposition, 
and by having a regular periodic arrangement allows the guest molecule to freely 
penetrate the multilayer structure. It is logical that the size of the cavity relates to the 
maximum size that a guest molecule can freely penetrate the multilayer structure. It 
has been reported using calixarene coated QCM sensors that the larger cavity of 
calix[6]arene was found to be more favourable in forming complexes with organic 
amines, compared to calix[4]arene8. For the two coatings, the smaller guest species of 
diethylamine gave a greater response than the larger guest species of triethylamine 
due to steric hindrance. Furthermore, the binding of these guests favoured the larger 
cavity of calix[6]arene.   
It has been found that for larger guest molecules a reduction in porosity has been 
observed, and this is manifested in a lengthening of the absorption time. For the larger 
analyte molecules tested, the long settling time for the uptake of xylene for the host 
molecule undecyl-calix[4]resorcarene points to the relative sizes of the cavity and 
analyte molecule in determining the porosity. Moreover, the long settling time for the 
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uptake of xylene and cyclohexane for the larger cavity material tert-butyl-
calix[8]arene, points to the multilayer structure as well in determining the porosity.  
However, the cavity size is not the driving force behind determining the selectivity of 
calixarene to a particular chemical species, as a lock and key description would imply. 
The ability for calixarene to encapsulate a guest molecule is driven by the strength and 
number of intermolecular bonds that can occur and this is shown by the similarity in 
resultsnn for species selectivity for the two calixarenes investigated, which had 
different cavity sizes, but similar chemistries. This is the simplest interpretation of the 
results given the set of data presented in this thesis.  
This leads to the question of what are the intermolecular bonds involved:  the specific 
mechanism is difficult to pinpoint since the literature is often contradictory. They are 
most often referred to by three types of bonds, Van der Waals7, CH-9 and -10.  
Van der Waals is the most widely cited and is a weak electrostatic attraction arising 
from polarisation of the molecules electron cloud11. This can occur at multiple points 
and is proportional to the surface area of contact between the host and guest 
molecules. It has been reported that the tert-butyl groups on the upper rim of the 
calixarene bowl forms multiple Van der Waals contacts with the guest molecule, 
compared to the weaker complexation observed with a calixarene host without the 
tert-butyl group on the upper rim7. 
CH- is most often cited referring specifically to the binding between the methyl group 
in an aliphatic pendant chain of tert-butyl-calixarene and the aromatic ring of an 
aromatic guest molecule e.g. toluene9; 12. It has not been quoted referring to the 
methyl group of a toluene guest and the aromatic ring of the host for 
calixarene.toluene complexes. However, for a wider set of calixarene derived hosts, 
the CH-has been cited in relation to the methyl group of the guests and the aromatic 
groups of the calixarene host cavity13. The results in Chapters 8 and 9 show that the 
methyl group of the toluene guest molecule does increase the affinity to form 
inclusion complexes when compared to the guest molecule benzene, with no methyl 
group. Furthermore, CH- bonding between the methyl group of the guest and the 
aromatic groups of the host could also apply to the inclusion of non-aromatic guests 
                                                                
nn
 The signal magnitudes recorded for vapour sensing were determined by the extinction of the dual 
resonant bands of the sensor, which are a result of the deposition process. The basis for reporting the 
similarity of species selectivity is therefore not based on comparing absolute signal magnitudes across 
different sensors, but on the ability of the sensor to discriminate between the guest molecules. This 
discrimination was found to be similar for sensors using both reported calixarene materials. 
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e.g. hexane and cyclohexane, although complexation was weaker with aliphatic and 
alicyclic guests.  
- clearly refers to binding between an aromatic ring in the guest with an aromatic 
ring in the host. Although cited for the interaction between the calix[8]arene host and 
a toluene or benzene guest10, this bond is the least commonly referred to in the 
literature in relation to complexation in calixarene hosts. 
So selectivity is determined by the nature of the intermolecular bonds, and the 
presence of an aromatic moiety on the analyte molecule has been shown through the 
results presented in this thesis to give a stronger adsorption into the calixarene cavity. 
The adsorption of toluene has been demonstrated to be 13 times greater than hexane, 
and six times greater than cyclohexane, either which have no aromatic moiety. 
10.3 APPLICATIONS 
Selectivity does not however allow the identification of a particular chemical species, 
in an environment which contains many different chemical vapours. To overcome this, 
it has been reported that the development of multisensory arrays with sufficiently 
graded responses in their selectivity could be used for the discrimination of different 
types of vapours14. For the deployment of the sensor in a chemical plant, factory or 
manufacturing environment where many species could be encountered, it would be 
necessary to implement a multisensory approach for this situation. 
A single sensor could however be used for detecting vapour within an environment 
targeted for a limited set of known chemical species. This could be for example an 
aircraft cabin, where the pollution of fumes from the engine could enter the aircraft 
through the compressed air system and pollute the inside area where occupants are 
situated. The petrochemical based organic species could be detected, with the sensors 
selectivity providing a preference for the more toxic species i.e. the aromatic 
molecules. In such an environment, it is unlikely that the sensor would give a false 
positive from detecting for example, ammonia or organic amines, since these chemical 
species will not occur in this situation. Indeed, the detection of other chemical species 
in this environment may indicate the presence of homemade bombs. 
For the LPG sensors described in Chapters 8 and 9, toluene concentrations from 
3060ppmv (11.6g/m3) up to 61200ppmv (231g/m3) have been investigated. This is 
above the levels reported in Chapter 1 for traffic pollution at kindergarten sites15, at 
photocopier centres16 or in the workplace17. This indicates that the sensor would only 
be useful in higher toxicity environments. There is a need for the LPG based sensor 
described in this thesis to be made more sensitive.  
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The LPG based sensors reported in Chapter 5 and 8 have given levels of sensitivity of 
1600ppmv/nm for toluene vapour and -0.55pH/nm for pH. These sensitivity figures 
show a need for improvement. Reduction of the fibre cladding radius from 125m to 
35m has been shown to improve LPG sensitivity threefold18. A closer alignment of the 
dual resonant attenuation band and the transition region, which occurs using LPGs 
with a period of 140m will also increase sensitivity, Chapter 6. The introduction of 
other hypothetical coatings that give a larger refractive index change in relation to 
adsorption of analyte vapours would also boost sensitivity.  
The levels of sensitivity stated above are based of wavelength detection where the 
central minimum of an attenuation band is measured. This can be done by a peak 
detection process, and is limited by intensity noise, asymmetry of the attenuation 
band, and the resolution of the spectrometer, see Sections 5.7 and 8.6. The accuracy 
of wavelength measurement can be improved by using polynomial curve fitting 
techniques where an ‘n’ order polynomial is fitted to the measured data, the measured 
data is discarded, and the central wavelength is read from the minimum of the 
polynomial function, see Section 5.4. By interpolating between data points, this 
technique allows for enhanced resolution. 
Wavelength detection requires the use of a spectrometer or optical spectrum analyser. 
For a lower cost implementation of a sensor system, intensity detection is an 
alternative approach. The dual resonant spectrum obtained in Figure 8.6 contains a 
broad spectral feature that would result in the modulation of light in the fibre by the 
measurand. The use of a photodiode to detect optical power and a simple 
transimpedance amplifier to convert the photocurrent into voltage, followed by 
further amplification is a typical implementation of an intensity detection system20.  
Amplifier systems are generally ac-coupled to circumvent the problems of biasing and 
drifts associated with temperature and power supply variations. Since ac-coupled 
amplification does not pass any low frequency electrical signal, it would be necessary 
to optically modulate the sensor signal at the source. The use of a semiconductor light 
source, e.g., LED or laser diode, permits electrical modulation of the light source by an 
RF signal. The amplifier system can then be designed around the electrical signal 
frequency. Filtering the broadband noise using electrical filters outside the passband of 
the signal would improve the sensitivity of this approach. Finally the signal can be 
demodulated by a simple peak detector.  
Therefore, building a low cost sensor system for in the field deployment may be 
implemented with low cost optoelectronics by using intensity detection. An 
appropriate reference channel is required, see Section 8.6. A suitable jig to hold the 
LPG sensor must be designed to prevent fibre bending as well as an enclosure that 
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allows for chemical vapour ingress and egress. This solution would of course be 
competing with the existing technology and the principal technologies for detecting 
hydrocarbons are spectroscopic methods and photoionization detectors. 
Molecular species absorb IR or UV at different wavelengths and spectroscopic sensors 
detect this unique signature. For example, hexane absorbs IR light at ~3.4m
21 p595. The 
aromatic organic compounds have absorption spectra in the UV region, benzene 
absorbs at ~250nm
22. The Lambert Beer law states that the absorbance is proportional 
to the chemical concentration.  Gas detectors are built around these principles and are 
commercially available e.g. General Monitors Model IR400. This unit is specified for the 
chemical species methane, propane, ethane, ethylene, butane, hexane, pentane and 
benzene. This technique yields ppm sensitivity levels22.    
For greater sensitivity, the photoionization detector (PID) techniques uses UV light to 
ionize a gas, forming positively charged ions that can be detected by the arising 
electrical current formed between two electrodes. This technique has little selectivity, 
determined by the ionization potential (IP) of the gas. Typically organic aromatic 
compounds have IP’s of ~9.5eV whereas aliphatic compounds have IP’s of ~10.6eV. 
The UV lamp must be selected with adequate ionization energy and therefore a 10.6eV 
rated lamp is often used to detect most VOC’s21 p585. Such a device is the Rae Systems 
Model ppbRAE 3000 portable handheld VOC monitor. This unit offers ppb (parts per 
billion) levels of sensitivity. 
Since both these examples are complex instruments, an LPG based sensor system as 
outlined here can compete in terms of cost. Sensitivity of the LPG solution is an issue 
and further developments of this technique must be made. Selectivity falls between 
the spectroscopic and the PID techniques. However, the LPG as a platform will be able 
to make use of new materials that are developed in the future with exceptional 
chemically selective properties. 
10.4 FINAL REMARKS 
In closing, the use of materials that change their properties to chemical species, and 
have a strong preference for certain chemical species allows chemically selective 
optical sensors to be realized, based on the long period grating. The exploitation of 
dual resonance in long period gratings allows a sensitivity improvement over long 
period gratings that operate away from the phase matching turning point, and 
broadband responses in the transmission spectrum allow for straightforward optical 
intensity monitoring methods of detection to be employed.  
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Four calixarene coated LPG sensors have been characterized in Chapters 8 and 9 of this 
thesis. The results show that these LPG sensors are most suitable in environments with 
a limited variety of chemical species since calixarenes have a cross-sensitivity to many 
chemical species. Also, the levels of sensitivity obtained show that this sensor is 
suitable for environments with very high levels of analyte concentration. These 
shortcomings may be overcome with their use in multisensor arrays and the further 
development of the technology.  
 
 
_______________________ 
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The following section outlines the next steps for developing this technology and some 
possible future developments. 
10.5 FURTHER WORK 
 The next logical step for this work is the construction of a constant vapour flow 
set up19 to permit repetitive testing of the vapour sensing capabilities for the 
LPG sensors. This would allow kinetic measurements to be undertaken, with an 
in-depth analysis of drifts and hysteresis, as well as transient response times. 
With the sensor remaining in-situ, and with the vapour flow being modulated 
by a valve, the problem of disturbing the fibre and the accompanying change in 
bend losses could be surmounted.  
 A strong direction in the understanding of the underlying behaviour of 
calixarenes could be gleaned by working with monolayers or multilayer films 
say less than 10 layers. At the monolayer level, the quintessential behaviour of 
the calixarene cavity could be investigated without complications arising from a 
multilayer structure. An 80m long period grating has been fabricated that 
contains dual resonant bands in the spectrum in its uncoated state, Figure 5.2. 
Further tailoring of the grating period would create a spectrum where the dual 
resonant attenuation bands are conjoined. Such a device could be deposited 
with a few layers to achieve a spectrum that is similar to Figure 8.6. The sensing 
characteristics in terms of magnitude of response from just a few layers would 
give strong indicators of the mechanisms behind guest encapsulation with 
calixarene.  Also, the response time could be expected to be far shorter for 
absorption to reach a saturation condition. 
 The characterization work that has been conducted on calixarene coated LPGs 
with period 180m (Chapter 8) and 100m (Chapter 9) could be repeated with 
an LPG with period 140m. This would allow the sensitivity improvement by 
operating closer to the transition region to be gauged. 
 Further investigation can be done into the effect of temperature on the 
calixarene coating. Whilst a small temperature dependence has been measured 
for these devices up to 30oC which was reversible, it has been observed that 
elevating the temperature of the coating to 40oC led to an irreversible change 
in the spectral response of a long period grating device using a calix[8]arene 
coating, Chapter 9.  Here, the refractive index of the calix[8]arene coating 
increased. This is possibly an annealing effect, perhaps the matrix or lattice of 
the calixarene coating forms itself into a more regular arrangement with lateral 
movement of the calixarene molecules. A permanent change may take place to 
effect the bowl to bowl alignment, with a consequence on the porosity of the 
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coating. The new response of this modified coating needs to be fully 
characterised. 
 Operating the sensor at elevated temperature would also allow a 
determination of the mechanisms behind the sensor’s selectivity. This would be 
very interesting since it has been reported that the Van der Waals bond 
weakens with increasing temperature, whilst the CH- bond strengthens with 
temperature9. This test would give a strong indication of the identity of the 
intermolecular bond responsible for molecular encapsulation, something that 
has been difficult to determine from the literature. 
 A move from chemical sensors to biochemical sensors would allow higher 
selectivities to be obtained since the nature of biological molecular interactions 
in more specific. Indeed, species specific bio-sensors may be realisable. 
 Translating the work done here onto other fibre types is a natural extension of 
the work. Imprinting long period gratings onto tapered fibres and photonic 
crystal fibre is a likely next step in this vein of research. 
 New coating materials for LPG’s, e.g. porphyrines could be researched, allowing 
the detection of nitrous oxides or other chemical species. The crossover in 
nanotechnology with coatings which incorporate nanospheres or other 
nanoparticles is an avenue that may lead to simpler manufacturing processes 
for such sensors. Here, simple dipping methods and a low layer counts are the 
likely benefits. 
 A prototype sensor could be demonstated with low cost optoelectonics using a 
LED and a photodiode to show how the broadband spectral response of dual 
resonance could be usefully employed in a low cost sensor system. By 
incorporating appropriate low-pass electrical filtering, one could 
experimentally determine the level of sensitivity that could be achieved with 
this mode of detection.   
 The wor  on phase shifted LPG’s with partial coatings described in Chapter 7 is 
not exhaustive, and other constructions could be investigated, e.g. starting with 
a grating with a single  phase shift in the centre. It would be interesting to try 
to enlarge the bandgap observed in the spectra, Figure 7.8. This will allow 
further analysis of the bandgap region, leading to optimization and greater 
definition of the bandgaps. It is hoped that this may lead to improvements in 
sensor performance by obtaining new spectral features which can be utilised in 
sensor design. 
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